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In this thesis Graphit-iCTM, an amorphous carbon coating developed by Teer
Coatings Ltd. was modied and deposited onto CoCr and UHMWPE substrates
in order to improve the wear properties. It was identied that depositing a
hard coating onto a soft substrate would cause high stresses and lead to coating
delamination. Consequently the polyethylene substrates were ion implanted with
nitrogen to reduce the hardness dierential at the substrate-coating boundary.
The coating was characterised using a pin on disc method in order to determine
wear and friction. Hardness and fatigue was characterised using nano-indentation
and the coating adhesion was measured using scratch testing.
Application of the coatings resulted in a signicant reduction in wear. Wear
factors as low as 3.65￿10 18m3/Nm were achieved for coated CoCr substrates
compared to 3.53￿10 15m3/Nm reported in the literature for uncoated CoCr.
The coating resulted in friction coecients between 0.12 and 0.19 with hardness
ranging from 6.65 and 15.63GPa. Similarly coating UHMWPE resulted in a
reduction in the wear factor to less than 9.6￿10 17m3/Nm.
It was concluded that the deposition of amorphous carbon coatings can improve
wear of hip joint prostheses, although consideration must be made for the ad-
hesion of the coating to the substrate so that it does not contribute to an early
failure of the device. Improved adhesion can be achieved by reducing the hard-
ness dierential between the coating and adhesion, either through softening the
coating or by using interlayers.
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xx1. Introduction
The hip joint is a ball and socket joint composed of the acetabular cup in the
pelvic bone and the femoral head, it is supported by strong muscles and ligaments
which provide stability and a large range of movement. This anatomy does not
always last a person's entire life, failure can result in pain and disability and occur
through numerous mechanisms, biological and mechanical in nature.
Articial replacements can be implanted to repair the failed joint. From an
engineering perspective these must be designed with the necessary mechanical
strength and be able to endure the biological environment in which they are
placed, otherwise they will also fail. In the past, design factors which have led to
failure of a joint include joint geometry and poor material choice or manufacture,
leading to excessive and unexpected wear and corrosion. In order to reduce
the incidence of implant failure, it is important that the entire system is fully
characterised; from the anatomy of the joint and the biological response, through
to the microstructure of the material and the design geometry.
In 2005 there were 61,881 reported hip replacement operations (up from 48,987
in 2004) in England and Wales, according to a comprehensive report of joint op-
erations carried out in the UK (National Joint Registry for England and Wales,
2006). Of these, 55,812 were primary replacements and 5,769 were revision surg-
eries. This compares to the more complete, but less detailed National Health
Service hospital episode statistics compiled by the Department of Health, which
recorded 63,418 \Total prosthetic replacements of hip joint" (OPCS-4 codes W37,
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W38 and W39) from April 2005 until March 2006 (Department of Health, 2006).
The UK national joint registry's inception was in 2002 (National Joint Registry
for England and Wales, 2007). For longer term data it is necessary to look at the
registries of other countries, in particular the Swedish Hip Arthroplasty Registry,
which is the longest standing. The Swedish registry reports that over the past
10 years the survival rate of total hip replacements was 92.5%, the remainder
failed and required revision (Swedish Hip Arthroplasty Register, 2006). At a cost
of approximately £3000-4000 for a primary total hip replacement and more for
revision (Faulkner et al., 1998), the failure of hip joint prostheses is a signicant
burden to Great Britain's National Health Service and other healthcare providers
around the world. By reducing the rate of hip joint failure, cost savings can be
made, in addition to reducing the pain and general risks associated with any
surgery to the patient.
The reduction of wear and subsequent extension of life of a hip joint replacement
would bring both economic benets and a better quality of life to the patients
who have to undergo replacement surgery. Reduction of wear can be achieved
by modifying the materials used for the replacement. In particular by applying
a surface coating at the femoral-acetabular interface which is able to withstand
the forces that the joint is exposed to.
This thesis will examine the deposition of a high performance carbon coating
known as Graphit-iCTM (Teer et al., 2004) onto orthopaedic materials, Graphit-
iCTM is a graduated amorphous carbon coating with chromium as an interlayer
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deposited directly onto the substrate and then used to dope the carbon layer;
sp3 ratio is less than 0.5%. This coating has not yet been applied to orthopaedic
components, but has been shown to have low wear and friction characteristics in
other industries compared to some other diamond-like carbon (DLC) coatings.
1.1 Hypothesis
The production of wear particles from metal on metal (MOM) and polymer on
metal (POM) hip joint replacements and the adverse eect that they have on
the body has been a continual problem since they were rst implanted. Surface
coatings are believed to have the potential to reduce the wear of hip joints, but to
date have had limited success; this is in part due to poor adhesion of the coating.
Amorphous carbon coatings have extremely low wear and good adhesion; they
have been successfully used in other industries such as machine tooling, and it
is hypothesised that they will be able to reduce the wear of hip joint replace-
ments. This thesis will examine the deposition of amorphous carbon coatings
onto orthopaedic materials.
1.2 Aims
￿ To characterise Graphit-iCTM and associated coatings in terms of wear,
friction, hardness, toughness and adhesion when deposited onto cobalt
chromium (CoCr)
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￿ To optimise the Graphit-iCTM coating produced by Teer Coatings Ltd. for
improved performance on hip joint replacements.
￿ To deposit an amorphous carbon coating on ultra high molecular weight
polyethylene (UHMWPE) with a wear factor superior to uncoated UHMWPE
and with adhesion and toughness that is suitable for hip joint replacements.
1.3 Thesis Structure
Chapter 1 introduces the work carried out in this thesis.
Chapter 2 presents work that has been published on the topic of this thesis.
It outlines the basic joint anatomy and its methods of failure. Followed by the
replacements that are available to overcome this. The shortcomings of current
replacements are discussed and the use of coatings as a method to reduce these.
Chapter 3 describes the deposition process and parameters used for the coatings
that are developed in the course of these studies.
Chapter 4 characterises the hardness of the coatings deposited in Chapter 3
using nano-indentation. Other characteristics such as the reduced modulus are
also reported on.
Chapter 5 describes a scratch test method used to characterise the adhesion of
the coatings to the CoCr and UHMWPE substrates.
Chapter 6 investigates the toughness and fatigue properties of the coatings using
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a low cycle, accelerated fatigue, micro impact test.
Chapter 7 discusses methods of wear testing, this leads on to characterisation
of wear and friction for the deposited coatings using a pin on disc method.
Chapter 8 concludes the thesis; the ndings of the literature review are discussed
and the subsequent characterisations from Chapters 4 through to 7 summarised.
52. Development of Total Hip Joint
Replacement
2.1 Introduction
The gross anatomy of the hip joint is rst discussed leading to how it can fail and
what can be done to resolve the issue, including hip joint replacement. The history
and development of hip joint prostheses is discussed, identifying the deciencies
and how design has been improved to resolve some of these issues. Coatings,
particularly DLC, are identied as a way of reducing problems; these are explained
with methods of testing their performance prior to implantation into a patient.
2.2 The Natural Hip Joint
2.2.1 Anatomy and Physiology
The hip joint comprises the femoral head and acetabulum of the pelvis which
consists of the ilium, ischium, and pubis. In the younger person these bones
are separate, but in early adulthood they fuse into one. The ilium is located
superiorly, while the pubis is located anteriorly and the ischium posteriorly (Gray,
1858).
The hip joint is a ball and socket joint with 3 degrees of freedom; allowing the
leg to ex, extend, adduct, abduct and internally and externally rotate. The
largest muscles in the body span the joint to enable this range of motion and
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provide it with the strength, movement and support needed. Some of the muscles
which allow these movements are gluteus maximus (extension); iliopsoas and
pectineus (exion); gluteus medius and minimus (abduction) and the adductors
bevis, longus and magnus (adduction) (Thompson and Floyd, 1997).
In addition to the muscles which span the joint, support is provided by three
ligaments. The ligaments link the pelvis and femoral bones, they are known as
the iliofemoral, pubofemoral and ischiofemoral ligaments (Gray, 1858).
The articulating surfaces of the acetabular cup and femoral head are covered
by hyaline cartilage. Hyaline cartilage is a connective tissue of chondrocytes
embedded in a matrix of proteoglycans and collagen bres. The cartilage is
avascular, obtaining nutrients from synovial uid by diusion. During movement
synovial uid can be forced into pores in the hyaline cartilage which improves the
nutritional supply. The diusion process by which nutrients reach the cartilage
means that repair of cartilage is slow (Gray, 1858; Maroudas, 1970, 1976).
The joint is enclosed by a synovial capsule; synovium lines the internal surfaces
of the cavity space and contains the synovial uid. Synovial uid is derived from
blood plasma (Dumbleton, 1981) but has additional constituents produced by
broblasts in the synovium which improve the lubrication such that friction levels
of 0.001 are achieved (Batchelor and Chandrasekaran, 2004). The lubricating
properties of synovial uid are mainly derived from the presence of lubricin, a
glycoprotein and hyaluronic acid, a long chained polymer which gives the uid
non-Newtonian characteristics such that when the uid is sheared, the viscosity
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Table 2.1: Range of movement at the hip joint (Thompson and Floyd, 1997)
Motion Angle ()
Extension / Flexion -30 - 130
Adduction / Abduction -30 - 35
Internal / External Rotation -45 - 50
decreases (shear thinning) (Ogston and Stanier, 1953; Dumbleton, 1981). This
property improves lubrication of the joint for dierent activities - when a subject
is standing still, the viscosity is high, whereas when a subject walks, the liquid
becomes less viscous.
When walking, the gait forces are bimodal and reach between 2 and 5 times
body weight (Bergmann et al., 2001; Paul, 1967; Rydell, 1966); during a year the
number of joint cycles is over 1 million (Morlock et al., 2001). Genda et al. (2001)
reports the peak stresses to be 1.67MPa for females and 1.38MPa for males. The
dierence in stress is due to the dierence in femoral head size observed in the
genders - 23.8mm and 26.0mm for females and males respectively. The peak stress
observed in the joint is dependent on the condition of the articulating cartilage
however, measuring this eect is dicult (Genda et al., 2001). These forces and
stresses will also vary between activities, such as walking, stair climbing and
running.
During the gait cycle the joint will ex and extend through a range normal for
that person, although the total range of movement that the joint is capable of is
greater (Table 2.1).
8Development of Total Hip Joint Replacement
Table 2.2: Indications for primary hip replacement in the UK, 2005 (National
Joint Registry for England and Wales, 2006)
Indication (may be more than one) Incidence (%)
Osteoarthritis 94
Avascular necrosis 3
Dysplasia of the hip 1
Fractured neck of femur 1
Seropositive rheumatoid arthritis 1
Other 4
2.2.2 Hip Joint Failure
The national joint registry for England and Wales (National Joint Registry for
England and Wales, 2006) reports on the reasons for approximately 80% of pri-
mary hip joint replacement operations in England and Wales. The most common
reason necessitating replacement is osteoarthritis, occurring in 94% of all reported
cases. Other reasons include rheumatoid arthritis, fracture and avascular necrosis
(Table 2.2).
Osteoarthritis is a degenerative disease the prevalence of which increases with
age. It results from damage to the hyaline cartilage which can become split and
softened, known as brillation. The damage to the cartilage leads to its wearing
away; in severe cases bone on bone contact will occur when the cartilage has
been completely removed. This leads to changes to the structure of the bone;
new bone forms around the edges of the joint, these bone formations are known
as osteophytes (Duckworth, 1995). Osteoarthritis leads to joint pain and stiness
for the person. Initially lifestyle changes can be suggested as treatment, such as
weight loss. The use of analgesia can reduce the pain and discomfort (Kumar
and Clark, 1999). In the longer term surgical intervention is necessary. Options
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for surgical intervention include (Duckworth, 1995):
Arthroscopic lavage which will clear the joint space of any debris but is a
palliative approach which does not address the underlying problem.
Osteotomy whereby the inter-trochanteric region is cut, it will relieve symptoms
for a few years, but the mechanism by which it works is not fully understood.
Arthrodesis whereby the joint is fused is extremely successful for removing pain
but is debilitating.
Arthroplasty whereby the joint is remodelled; typically in the hip joint a to-
tal or part replacement is inserted to prevent fusion of the joint after the
procedure.
Patients are increasingly undergoing arthroplasty. Sweden, which has the longest
running joint arthroplasty register reports an increasing trend for the past 40 years
(Figure 2.1) (Swedish Hip Arthroplasty Register, 2006). Less data is available
in the UK however, the UK hospital episode statistics report that in 1999-2000
48,520 hip joint replacements (including revision) were carried out. This increased
to 63,418 in 2005-2006 (Oce of Population, Censuses and Surveys: Classication
of interventions and procedures, 4th Revision (OPCS4) codes W37-W39).
The increasing number of hip joint replacements can be attributed to surgeons im-
planting into younger (<60) patients (Swedish Hip Arthroplasty Register, 2006),
an ageing population and increasing demands from patients for longer, more ac-
tive lives (Wells et al., 2002), which would preclude arthrodesis.
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Figure 2.1: Primary THRs performed in Sweden between 1967 (6 operations) and
2005 (13,822 operations) (Swedish Hip Arthroplasty Register, 2006)
2.3 Signicant Hip Joint Prostheses through the
1990s
2.3.1 Pre 1940 - Early Hip Joint Prostheses
The rst hip joint arthroplasties were not total replacements, but instead partial
replacements, they were carried out towards the end of the 19th century. Gl uck
(1891) was one of the rst surgeons, utilising an ivory ball prosthesis, to replace
the femoral head of a patient.
In 1923 Smith-Petersen removed the articulating surface and replaced it with a
mould (Figure 2.2) made of glass however, they broke while they were in the
patient. As an alternative to glass Smith-Petersen tried viscaloid however, this
produced an excessive foreign body response and so in 1933 a tougher form of
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Figure 2.2: Smith-Petersen moulds of glass, viscaloid, pyrex, bakelite and CoCr
(Reproduced with permission and copyright ' of the British Editorial Society of Bone and Joint Surgery
(Smith-Petersen, 1948))
glass, pyrex, was used; however, these were still not strong enough and some
broke in the patient. Later, in 1938, a mould from CoCr alloy known as vitallium
was used. These did not break like glass and did not produce the same tissue
response that was observed with viscaloid (Smith-Petersen, 1948).
The mould was intended to be temporary while the bone repaired and shaped
itself to the cap geometry. This was not always the case, some remaining in
place and continuing to function after considerable time; in one case an 86 year
old patient received the implant 60 years prior (Anon, 2007). More typically
however, within two years of replacement only 45% of cases had an excellent or
good outcome (Law, 1962).
In 1939 Wiles implanted the rst total joint replacement, it was made from stain-
less steel; the acetabular cup was screwed into the bone while the femoral compo-
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Figure 2.3: X-ray of a hip arthroplasty carried out by Wiles Adapted from (Amstutz and
Grigoris, 1996)
nent was attached to the outside of the femur (Figure 2.3). Unfortunately records
of this rst implant and the further ve patients he implanted subsequent devices
into were lost in the Second World War. In 1951 only one of the six patients
remained alive; the implant had disintegrated (Amstutz and Grigoris, 1996).
2.3.2 1950s - McKee-Farrar Prostheses
In 1951 McKee implanted three prostheses into patients at a hospital in Norwich,
UK. Two were of stainless steel and one of CoCr. The steel implants loosened
after one year however, the CoCr implant survived three years; consequently
further implants that were to be designed by McKee used CoCr (McKee and
Watson-Farrar, 1966).
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Figure 2.4: McKee prosthesis with a screw t acetabular and modied Thompson
femoral component Reproduced with permission and copyright ' of the British Editorial Society of Bone
and Joint Surgery (McKee and Watson-Farrar, 1966)
As well as material choice, McKee also identied the importance of xation when
he implanted 40 prostheses into patients from 1956 until 1960. These prostheses
utilised a Thompson femoral component which he observed being used for partial
replacements while he was visiting the USA. McKee modied the Thompson
prosthesis to have a smaller head so that it could articulate against the acetabular
component which was screwed into the acetabulum (Figure 2.4). This implant
gave 51% good to fair results. McKee observed that when one of the components
became loose, pain would occur. (McKee and Watson-Farrar, 1966)
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Figure 2.5: Cemented McKee prosthesis Reproduced with permission and copyright ' of the
British Editorial Society of Bone and Joint Surgery (McKee and Watson-Farrar, 1966)
In 1960 Charnley used polymethylmethacrylate (PMMA) as a bone cement to
secure a Thompson femoral component; it occurred to McKee that cement could
be used similarly for securing the acetabular component. By 1961 McKee was
implanting a redesigned acetabular component which was studded to aid xation
by cement. The studded design of the cup negated the need for a thread so that
the acetabular cup could be rmly embedded into the pelvis instead of being
screwed into the pelvis, sitting proud and concentrating the load into a small
area. A more natural anatomical position was achieved. Embedding the cup also
allowed for more room and the cup size to be larger so that a standard Thompson
component could be adopted (Figure 2.5) (McKee and Watson-Farrar, 1966).
2.3.3 1960s - Charnley and Ring Prostheses
Charnley implanted his rst design in the late 1950s; the prosthesis utilised a
polytetrauoroethylene (PTFE) acetabular cup articulating against a PTFE cap
which replaced the surface of the femoral head. The selection of PTFE as the
material was to reduce the friction. Charnley was however concerned that the
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design would restrict nutrients to the bone remaining in the femoral head. Con-
sequently Charnley started using the stainless steel Moore femoral component
which he xed into the femur using PMMA cement. At the time the Moore com-
ponent had a femoral head diameter of 42mm, Charnley thought that a smaller
head would be better as it would reduce the frictional torque; Charnley reduced
the head size to 22.25mm (Waugh, 1990)
Short term results of these implants were promising, although in 1962 Charnley
became aware that the particles generated from the joint were causing an adverse
tissue reaction. This required revision of the implant and stopped the use of
PTFE as an articulating material (Waugh, 1990).
Instead Charnley swapped to high molecular weight polyethylene (HMWP), which
is now known as UHMWPE. UHMWPE appeared from simulator testing to pro-
duce less wear than PTFE and less of an adverse tissue response. Besides briey
using a press-t acetabular cup after concerns were raised about xation of the
cup using PMMA; this was to be the implant that Charnley made available for
general use in 1970. A few minor design changes have also been incorporated.
The Ring prosthesis, originally used in 1964 was of cementless design (Ring, 1968).
Peter Ring did not believe that PMMA was benecial for long term xation due to
poor adhesion to bone. Instead, a threaded stem similar to that used in McKee's
early designs was used to secure the acetabular component into the pelvis. Ring
chose to use CoCr for the implants. Concerns were raised in these early designs
about the strength of the acetabular stems which could snap (Figure 2.6). In
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Figure 2.6: X-ray of a failed Ring prosthesis Reproduced with permission and copyright ' of
the British Editorial Society of Bone and Joint Surgery (Ring, 1968)
1965 the design was modied so that the prosthesis tapered at the joint between
cup and thread to increase strength and allow countersinking (Ring, 1968).
A review was carried out by Ring (1974) on his prostheses. This included the
original designs and the newer versions. Results between the two show improve-
ment, the older version requiring revision in 14% of 169 cases after ve to eight
years while the newer version had a revision rate of 2% after ve years.
2.3.4 1970s - Ceramic and Exeter Hip Joints
The Exeter hip joint comprises a stainless steel femoral component and a UHMWPE
acetabular cup developed in 1969. The development came about as a result of
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loosening of the Mckee-Farrar prostheses being implanted at the Princess Eliza-
beth Orthopaedic Centre in Exeter, UK. Surgeons were concerned that the loos-
ening was caused by friction between the metal components; this concern stopped
them from using the Ring prosthesis. The POM alternative developed by Charn-
ley with low friction was a suitable alternative however, surgeons at Exeter were
unwilling to use the lateral surgical approach used in the Charnley implant. In-
stead they wanted to continue using a posterior approach.
The Exeter joint design contained two changes to joints of the time: the removal
of a collar on the neck of the implant and a double taper to the stem to aid
with cement xation. The lack of collar on the stem was because designers
came to believe that the collar did not oer protection from atrophy of the bone
underneath the collar. This was because they had observed resorption of the bone
under the collar in Mckee-Farrar prostheses.
At the same time as the Exeter hip was being developed, the ceramic joints were
being implanted for the rst time. In 1970 Boutin implanted an alumina cup and
head into a patient, the alumina head was attached to a titanium alloy stem. This
was initially by means of gluing but when this and a screw x were unsuccessful
a taper lock method was developed (Boutin et al., 1988).
Both cemented and uncemented alumina cups were tried and had a survivability
of 87.94% and 88.36% respectively at eight years. Of the 560 cemented cups that
were implanted three fractured. It was postulated that this was due to either the
ceramic microstructure, residual stresses from manufacture or a poor tting to the
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Figure 2.7: Birmingham hip resurfacing joint (Used with permission of Smith and Nephew)
stem. It was found that the careful control of microstructure and residual stresses
by manufacturing quality is important to the success of the implant (Boutin et al.,
1988), this will be discussed later in section 2.4.1.
2.3.5 1990s - Birmingham Hip Resurfacing Joint
Resurfacing prostheses (Figure 2.7) conserve the bone stock of the patient; instead
of using the femoral shaft for support, the femoral neck is used. Bone stock
preservation is benecial, particularly for the younger (<60) patient who may be
expected to undergo a number of revision surgeries in their lifetime (Bell et al.,
1985).
The implantation of resurfacing joints is not indicated for as wide a group of
patients as traditional total joint replacements. Signicant stresses are focused
on the femoral neck so good bone stock is required for support (McMinn, 2003).
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A number of dierent hip resurfacing joints have been developed including Charn-
ley's rst PTFE prosthesis discussed in Section 2.3.3 (Charnley, 1963). Another
signicant resurfacing joint was the Wagner (Bell et al., 1985). Both of these
designs were unsuccessful; the Charnley because of concerns about preservation
of bone stock through lack of nutrients (Waugh, 1990) and the Wagner due to
loosening of the acetabular component associated with a tissue response to wear
particles (Bell et al., 1985).
More recently, in 1991, early trials on the CoCr Birmingham hip resurfacing joint
developed and designed by McMinn have been implanted. Initially a pilot study
was carried out to examine the eect of xation methods, three dierent types
were attempted. Press-t, cement and hydroxyapatite. The press-t acetabular
cup suered from aseptic loosening in 10% of cases so was stopped. The cemented
acetabular cup was also rejected over fears of loosening. McMinn advocated
the use of a hydroxyapatite coated cup and a cemented femoral stem (McMinn,
2003). The hydroxyapatite was initially deposited onto a smooth metal cup, the
prosthesis being named the McMinn resurfacing joint however, it was further
developed to have a porous coating after concerns that adhesion would be a
problem after the hydroxyapatite had been absorbed into the bone, this was to
become known as the Birmingham hip resurfacing prosthesis (McMinn, 2003).
Early results (between 2-12 year follow up) from this xation method are good; of
1,503 (1,209 of which were Birmingham hip resurfacings) only one failure occurred
as a result of aseptic loosening (McMinn, 2003).
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2.4 Current Hip Joint Prostheses
The most commonly implanted cemented and cement-less acetabular cups in the
UK in 2006 were the Stryker Howmedica's Contemporary cup (5,734 cases) and
Depuy's Pinnacle cup (5,698 cases) respectively, both are UHMWPE components.
The most commonly implanted cemented stem was the stainless steel Exeter
stem manufactured by Stryker Howmedica (17,743 cases) while the Titanium
alloy Corail stem manufactured by Depuy (6,038 cases) was the most commonly
implanted cement-less hip (National Joint Registry for England and Wales, 2007).
The Stryker Howmedica's Exeter stem used in combination with its contemporary
cup is the most common combination used in the UK, although the stem is
also matched with other cups; Stryker Howmedica's Trident cup, Depuy's Elite
Plus Ogee cup and Stryker Howmedica's Duration cup, in order of decreasing
incidence.
Second to the Exeter combinations is the Depuy Corail stem and pinnacle cup,
which is then followed by the Charnley implant.
Hip resurfacing operations are recorded separately however, the CoCr Birming-
ham hip resurfacing head manufactured by Smith and Nephew accounted for
3,288 operations, 52.1% of the resurfacing heads to be used in the UK.
Individual studies report of the ecacy of these current designs however, an
overview of all hip joint replacements indicates that the reason for revision surgery
is, in 60% of cases, due to aseptic loosening. This is followed by lysis (21%), pain
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(20%) and wear (13%) (National Joint Registry for England and Wales, 2007).
2.4.1 Materials
Currently polyethylene is the only polymer to be used for replacement of the
hip joint and only as the acetabular component although polyetheretherketone
(PEEK) is currently being investigated for its suitability as a bearing material
(Wang et al., 1999a).
Polyethylene can be classied into several subcategories dened by their molec-
ular weight and the degree of cross linking in the polymer chains. UHMWPE
has a molecular weight of 2-6￿106g/mol and elastic modulus of 0.8-1.6GPa; the
yield strength and ultimate strength are 21-28MPa and 39-48MPa respectively.
Crystallinity ranges between 39-75% and is dependent on processing conditions
as well as environmental conditions and molecular weight (Kurtz, 2004).
Polyethylene is derived from an ethene monomer (CH2=CH2) which is poly-
merised into its high molecular weight form using the Zeigler process (Kurtz,
2004). This process occurs at sub 100C and in one atmosphere to produce a
polymer with low levels of cross linking. The polymerisation process results in a
powder form which is moulded or extruded into shape. (Kurtz, 2004).
Cross-linking of the polymer chains of polyethylene has been examined (Grobbe-
laar et al., 1978; Oonishi et al., 1992). Cross-linking is achieved by free radical
formation as a result of irradiation. Early investigations were carried out by
Grobbelaar et al. (1978); it was established that cross-linking would increase ten-
22Development of Total Hip Joint Replacement
sile strength and abrasive resistance although doses over 400kGy were noted to
cause increased brittleness and increase wear. By introducing cross-linking agents
such as acetylene and chlorotriuoroethylene Grobbelaar et al. (1978) were able
to reduce the irradiation levels required to cause cross-linking.
Three metals are used in hip joint prostheses; these are stainless steel, cobalt
chromium alloys (CoCr) and titanium alloys. The steel used in hip joint replace-
ment is typically a low carbon (0.03%wt), austenitic steel. It contains 17-19%wt
chromium, 14-16%wt nickel and 2.3-4.2%wt molybdenum as major constituents,
among others when complying with ISO 5832-1 (Technical Committee ISO/TC
150 Subcommittee 1, 1997a); the iron content consists of the balance of material
- at least 57.035%wt. It has a modulus of approximately 200GPa (Davis, 2003);
this causes concerns of stress shielding. According to Wol's law, the bone, which
will be shielded from the stress will remodel to become weaker. This can lead to
loosening of the joint.
The problem is similar with CoCr alloys which have an modulus of approximately
210GPa (Davis, 2003). If specied to ISO 5832-4 (Technical Committee ISO/TC
150 Subcommittee 1, 1997b) CoCr is largely composed of 26.5-30%wt chromium,
4.5-7.0%wt molybdenum and up to 1%wt nickel with at least 58.65%wt cobalt
(Technical Committee ISO/TC 150 Subcommittee 1, 1997b). CoCr alloys are
either cast or wrought; the microstructure of cast CoCr is coarse dendritic struc-
ture with carbides at interdendritic points within the grains having precipitated
out during cooling, carbides are also found at the grain boundaries (Chiba et al.,
2007). Wrought CoCr has a ner structure with carbides forming mainly at the
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grain boundaries with sizes between 1-5m (Wimmer et al., 2001).
During the cooling of castings, areas of microporosity can form within the struc-
ture. A fully dense alloy has superior mechanical properties and so heat treatment
processes such as hot isostatic pressing (HIP) can be used to reduce the poros-
ity. The hot forging process of wrought CoCr reduces the microporosity so can
also lead to improved mechanical properties (Cawley et al., 2003). However, the
heat treatment aects the alloy microstructure and presence of carbides within
CoCr. The carbide grains which are 5 times harder than the surrounding metal
matrix improve wear resistance of the alloy (Schmidt et al., 1996). Heat treat-
ment reduces the carbide content of the alloy and consequently reduces the wear
performance (Cawley et al., 2003).
Titanium alloy has a lower modulus of elasticity, 110GPa (Davis, 2003). When
specied to ISO 5832-3 the major constituents are aluminium 5.5-6.75%wt and
vanadium 3.5-4.5%wt. Titanium makes up at least 88.105%wt of the alloy (Tech-
nical Committee ISO/TC 150 Subcommittee 1, 1996).
Alumina and Zirconia are ceramics used in hip joint replacement. Both are
crystalline oxides of Aluminium and Zirconium respectively. Alumina is currently
used as the femoral head material in 24.7% of cases in the UK (National Joint
Registry for England and Wales, 2007) whereas zirconia only accounts for 0.3%.
These ceramics are hard and have a high Young's modulus however, they are
brittle, with a low fracture toughness and low bending strength, their properties
can be seen in Table 2.3 (Hamadouche and Sedel, 2000).
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Table 2.3: Properties of alumina and zirconia
Property Alumina Zirconia
Young's Modulus (GPa) 380 210
Hardness (Vickers) 2,000 1,200
Fracture Toughness KIC 5 7
It is the fracture toughness and bending strength which have caused concerns
about ceramics used in joint replacement. Studies have reported fractures (Boutin
et al., 1988; Piconi and Maccauro, 1999; Weisse et al., 2003; Habermann et al.,
2006) however, control of the microstructure and manufacturing methods can
reduce the incidence.
Ceramic components are manufactured from powder usually by hot isostatic
pressing. The process heats and places the powder under pressure so that the par-
ticles fuse together; reducing porosity, increasing density and making the material
more homogeneous. This process is important because the fracture toughness of
a ceramic is dependent on the size of defects within the material, the aws can
be reduced in size and quantity by decreasing porosity of the ceramic and having
a smaller grain size. Improved homogeneity of the microstructure will increase
the toughness of the material (Ostrowski and R del, 1999).
International standards attempt to address this; ISO 13356 (Technical Committee
ISO/TC 150, Subcommittee 1, 1997) species that zirconia should not have a
grain size greater than 0.6m while ISO 6474 (Technical Committee ISO/TC
150, Subcommittee 1, 1994) species that alumina should not have a grain size
greater than 7.0m with a standard deviation of less than 3.5m. Advice from the
USA's medical device regulatory authority, the Food and Drug Administration
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(FDA), suggests that burst tests on ceramic materials should exceed an average of
46kN with no measurement lower than 20kN (Orthopedic Devices Branch, 1995).
Sedel (2000) reports that in the 1970s the burst strength was only 38kN however,
it increased to 90kN in 1998.
2.4.2 Biocompatibility
Implanting a foreign material into the body will elicit a response from the body.
This will either have a negative impact on the body itself, or on the material
which has been implanted. Besides the basic physical properties that a material
has, it's selection for implantation into the body is because it elicits a minimal
response from the body.
Metals implanted into the body are susceptible to attack from the environment
they are placed in. The body uids around the joint are corrosive to metals,
corrosion can occur through a number of mechanisms, such as galvanic and crevice
corrosion.
Galvanic corrosion occurs when two dierent metals are used with diering electro-
potentials. The body uids act as an electrolyte and enable a galvanic current
to ow; the metals oxidise, gaining a positive charge and can dissolve into the
surrounding electrolyte. This form of corrosion is observed in modular prostheses
utilising stainless steel and cobalt alloys (Kummer and Rose, 1983).
Electrochemical corrosion can also occur when only a single metal is present;
in this case it is the liquid that provides the electrochemical gradient by way
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of diering ion concentrations at one area of the implant compared to another
area. This condition normally occurs in crevices where the uids can stagnate;
signicant dierences in ion concentration can develop. This environment can be
found between the femoral stem and head in modular implants. Kummer and
Rose (1983) studied the potential for galvanic corrosion of CoCr and titanium
alloy and established that there would be no signicant problem with the use of
these two alloys; however, the study failed to take into consideration the eect of
crevice corrosion. It was later found that the galvanic potential between the two
materials accelerated crevice corrosion at the interface between femoral stem and
head (Collier et al., 1992).
Ultimately corrosion of the materials placed in the body, will result in failure
of the joint, although this only accounts for a small proportion of all revision
surgeries, if any; the National Joint Registry for England and Wales (2007) reports
\other" causes for revision to be 5% of cases. Of more importance is the eect
of materials on the body, this can lead to osteolysis and aseptic loosening, which
account for 21% and 60% of all revision operations respectively. Concern has not
been raised about the eect of a bulk implant material on the body, concern has
arisen over the production of wear products from the bulk implant.
Of the materials currently in use in hip joint prostheses, UHMWPE is noted
for having the highest wear rate; 56.4mm3/106 cycles reported by Saikko et al.
(2001b) when articulating against CoCr in a hip joint simulator. The debris
produced can cause a soft tissue response and osteolysis. Osteolysis is a result of
macrophages responding to the presence of wear particles. Macrophages attempt
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to phagocytose the wear particles by releasing cytokines and triggering other
cells to respond which lead to inammation and bone resorption (Green et al.,
1998). The quantity and size of particles determine the macrophage response and
subsequent level of osteolysis. Particles in the range of 0.3-10m have been found
to be the most active (Green et al., 1998).
There is also concern about the eect of metallic wear particles in the body;
unlike polyethylene particles which are within the micrometre size range, metal
particles can be nano-sized (Doorn et al., 1998). Particles of this size have the
potential to disperse throughout the body and not just remain in the joint space.
Wear debris has led to increased metal levels in urine and blood (Coleman et al.,
1973) as well as the liver, spleen and lymph nodes (Langkamer et al., 1992). It has
been reported that the metal wear particles are a cause of chromosomal damage
(Daley et al., 2004), which could potentially cause cancer. Studies generally show
an increased risk of cancer in hip joint replacement patients (Gillespie et al., 1988;
Nyren et al., 1995; Visuri et al., 1996) however, the evidence is not sucient to
demonstrate the cause.
2.4.3 Tribology
The wear of hip joint prostheses is dependent on the interface between the femoral
head and acetabular cup. This section reviews the factors which aect the wear
and methods by which the wear can be reduced.
The materials used for the femoral head and acetabular cup have a signicant
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eect on the wear rate; other factors will have an eect, but not so profound.
Studies have been carried out extensively on the eect of wear with various dif-
ferent material combinations. This can be either be in-vitro simulated testing,
which is discussed later, or from in-vivo data obtained from x-rays or explanted
implants.
Typically POM replacements such as the Charnley and Exeter hips wear the
most; followed by MOM and then ceramic on ceramic (COC). Hall et al. (1996)
retrieved and analysed the UHMWPE acetabular cups of 129 Charnley implants;
an average wear factor of 2.1￿10 15m3/Nm was recorded with linear penetration
equating to 0.2mm/year and wear volumes of 55mm3/year over a median im-
plant life of 10.7 years (range 0.75-22). These results are comparable with data
from others, including Kabo et al. (1993); Livermore et al. (1990); Hall et al.
(1998). The study by Kabo et al. (1993) examined 60 polyethylene acetabular
components, 40 from conventional replacement and 20 from surface replacement.
Diering head sizes were examined; sizes of 22mm, 26mm, 28mm and 32mm from
conventional hip replacement recorded linear wear rates of 0.127, 0.229, 0.234 and
0.214mm/year respectively. There is an increasing trend of linear wear with in-
creasing head size and corresponding wear volume, although sample sizes are low.
The larger study by Hall et al. (1998) did not conrm this correlation, showing no
signicant dierence in linear wear with increasing femoral head size. Hall et al.
(1998) did observe increasing volumetric wear with increasing head size. They
reported that femoral head sizes of 11, 14.3, 16 and 19mm exhibited wear rates
of 52, 62, 89, 137mm3/year respectively.
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Smaller head sizes were proposed by Charnley (1970) as a method of reducing
frictional torque which is directly proportional to the femoral head size as can be
seen in Equation 2.1 (=friction coecient, r=radius, L=load and =torque)
 = rL (2.1)
It was thought that high torque would lead to loosening of the prosthesis however,
Hall et al. (1997) have since presented evidence that indicates torque is unlikely
to have a signicant eect on loosening. Smaller head sizes also have the benet
of enabling a thicker acetabular cup which can accommodate more linear wear
without wearing through. In light of the soft tissue response to UHMWPE debris,
the case for smaller head sizes to reduce wear is persuasive.
Metal on metal implants wear less than UHMWPE; Sieber et al. (1998) recorded
linear wear rates in 115 28mm CoCr implants and 3 32mm diameter CoCr im-
plants implanted for an mean time of 22 months (range 2-98), by measuring the re-
trieved implants dimensions and comparing them to an ideal sphere. Linear wear
rates were observed to be between 20 and 80m/year for ve \moderately" worn
components however the majority had linear wear rates of less than 20m/year.
The wear rates were high for the rst year - 25m/year, dropping to 5m/year
after three years. These wear rates are similar to those observed by Schmidt et al.
(1996) who recorded linear wear rates of 13 Mckee-Farrar acetabular cups to be
4.9m/year after an average implantation time of 16.3 years; linear wear of 17
Mckee-Farrar femoral heads was also recorded as 6.6m/year after an average
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14.5 years of implantation.
Conversely to POM implants, larger femoral head sizes in MOM implants lead
to reduced wear (Smith et al., 2001). This is because of the lubricating regime;
it is possible for MOM joints to achieve full uid lm lubrication whereby the
lubricating uid fully separates the asperities of the two components.
To achieve uid lm lubrication, there must be sucient separation between the
two components. The separation required is dependent on the surface rough-
ness of the material. Johnson et al. (1972) expanded on the Greenwood and
Williamson theory of contact between random rough surfaces (Greenwood and
Williamson, 1966) to establish that uid lm lubrication occurs when the ratio
of lm thickness to the standard deviation of asperities about their mean line is
greater than 3. The rough surfaces of UHMWPE (Technical Committee ISO/TC
150, Subcommittee 4 (1996) requires an Ra of less than 2m and so would require
a thick lm before uid lm lubrication could occur. Metal implants however have
a smoother surface, the ISO standard requiring a Ra values of less than 0.05m,
therefore a uid lm can develop with a thinner lubricating lm.
The lm thickness achieved in a joint is dependent on the uid viscosity, entrain-
ing velocity and load. Design of the implant cannot control the viscosity or load,
but the entraining velocity will increase with larger head diameters. Unsworth
(2006) reports that the MOM Birmingham Hip Resurfacing joints are able to
achieve the necessary lm thickness for uid lm lubrication.
Measuring in-vivo wear in retrieved ceramic on ceramic joints can be dicult
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because the low levels of wear introduce large errors when measuring the devi-
ation from an assumed perfect sphere for the calculations (Boutin et al., 1988).
Mahoney and Dimon (1990) have reported linear wear rates of 10m/year from
the femoral component, which when combined with the wear of the acetabular
total 19m/year. These values however are greater than those reported by Mit-
telmeier and Heisel (1992) who obtained linear wear measurements of 2.6m/year
for the femoral head and totalling 8.0m/year when combined with wear from the
acetabular component over 16 years. These values are considerably lower than
metal on metal implants.
2.5 Hip Joint Coatings
The development of hip joint prostheses, the materials that are currently used
and the problems associated with them have been reviewed. It has been identied
that the main causes of failure are aseptic loosening and osteolysis; these causes
have been linked with the generation of wear particles. It has also been shown
that metals and polyethylene joints continue to be the most popular, despite
polyethylene being the largest wear producing material and the potential risks of
metal ion production. A reduction in wear particle generation should be expected
to reduce the incidence of failure of hip joint prostheses.
Surface modication of these materials has been tried in hip joint prostheses to
reduce wear (Taeger et al., 2003; Joyce, 2007; Harman et al., 1997; Raimondi
and Pietrabissa, 2000) after having been used successfully in other industries
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requiring good wear performance, such as aerospace (Voevodin et al., 1999), elec-
tronics (Robertson, 2001) and in non-wearing medical applications such as stents
(Hauert, 2004).
Two surface coatings have been applied to the femoral acetabular interface and
implanted into patients, these are titanium nitride (TiN) and diamond-like carbon
(DLC) coatings. TiN has seen the more extensive in-vivo use, and is manufac-
tured and marketed by Endotec, USA. Results on TiN in-vivo performance have
been published by Raimondi and Pietrabissa (2000) reporting delamination of
the coating from a titanium substrate articulating against UHMWPE. Harman
et al. (1997) also observed delamination caused by the presence of voids in the
coating when large coating droplets were removed during a post-coating polishing
process.
In-vivo results of DLC coatings have not been reported on so extensively and
the author could not nd any company marketing their use. Taeger et al. (2003)
reports on the delamination of DLC coated hip prostheses while Hauert (2003)
refers to 190 implanted knee implants showing increased wear and delamination
however, little detail is given. Joyce (2007) has also recently reported on a re-
trieved DLC coated great toe implant, this exhibiting signs of delamination.
2.5.1 Diamond-like and Amorphous Carbons
The deposition of the rst diamond-like carbon coatings can be credited to Aisen-
berg and Chabot (1971). They coined the term diamond-like carbon because of
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the similarities with diamond that they observed: transparency, similar index of
refraction, insulating, high hardness, resistant to acid, partially crystalline with
a lattice similar to diamond and a similar dielectric constant. Since their study
additional deposition methods have been developed and the coatings that are
deposited vary widely in both properties and structure.
As a result the term DLC has become ambiguous. The DLC described by Aisen-
berg and Chabot (1971) has a high sp3 content which formed microcrystalline
structures within the amorphous structure. Coatings developed following Aisen-
berg and Chabot (1971) can be more amorphous with less sp3 content, others
retaining high sp3 content but with little to no crystalline structure (tetrahedral
amorphous carbons, ta-C). Confusion arises in the literature because the point
at which a coating is no longer diamond-like is not dened. The term is also
complicated by the inclusion of varying amounts of hydrogen in some coatings -
hydrogenated amorphous coatings, these can be even less diamond-like.
Structurally DLC's contain sp3 and sp2 bonding; these are two of the three hy-
bridisations of carbon. With sp3 bonding, all four of the valance electrons are
located in a hybrid orbital. They all form covalent  bonds in a tetrahedral
arrangement, the bonding which is seen in diamond. The sp2 hybridisation of
carbon has only 3 of the four valance electrons located in a hybrid orbital and
able to form 3  bonds. The forth electron lies in a p orbital and is only able to
form a weaker covalent  bond. This is typically seen in graphite.
The sp2/sp3 ratio of amorphous carbon coatings is the strongest single inuence
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on the physical properties, a higher sp3 fraction increasing hardness and elastic
modulus. The exact mechanism by which sp3 bonds form is not currently known,
although the basic principle of subplantation, initially proposed by Lifshitz et al.
(1990) has generally been accepted through mathematical modelling (Kaukonen
and Nieminen, 2000; Kohary and Kugler, 2001). As carbon ions bombard the
coating surface during deposition, they penetrate into the coating where they
cause densication and can form sp3 bonds (Lifshitz et al., 1990). The energy of
the ions determines the fraction of sp3 formation. Ion energies of around 140eV
have been shown to be the most ecient for producing a high sp3 fraction (Fallon
et al., 1993).
Modication of the sp3 content may address the physical properties of a coating
and therefore the tribological properties that are required for hip joint prostheses
but it does not address the problem that has been observed with implanted
coatings: delamination.
Delamination of a coating occurs when the forces applied to the coating exceeds
the strength of adhesion between the coating and substrate (Wang et al., 1991).
In addition to any external forces which may be applied, amorphous carbon
coatings have intrinsic stresses which can limit their adhesive strength resulting
from their deposition by stressing the interface between the coating and substrate.
The reduction of these stresses can improve the adhesive strength of a coating
(Wang et al., 1991). Intrinsic stresses are linked to the energy with which ions
bombard the coating surface during deposition; greater energy will lead to larger
intrinsic stresses (Knotek et al., 1991; Donnet and Erdemir, 2008; Davis, 1993;
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Windischmann, 1992)
Introduction of metal interlayers, between the coating and substrate reduce the
residual stresses and improves the adhesion of coatings (Holmberg et al., 2000;
Chen and Hong, 2005). Multilayers reduce the stresses further (Zhang et al.,
2005b; Sheeja et al., 2003), or gradient transitions across the coatings so as to
prevent distinct boundaries which provide a route for crack propagation (Lyubi-
mov et al., 1992).
2.5.2 Titanium Nitride
TiN is a transition metal nitride ceramic that can be deposited onto materials to
give a hard, corrosion resistant layer with good wear properties. The properties
of the coating are dependent on the microstructure, stoichiometry and thickness.
TiN typically has a microstructure of columnar grains. When deposited using
chemical vapour deposition (CVD) techniques these columns grow in a common,
preferred direction (Echigoya et al., 1991); physical vapour deposition (PVD)
techniques result in columnar orientation in the direction of coating growth (Bur-
nett and Rickerby, 1988). Orientation of the grains aect the coating properties
(Yeh et al., 2008; Azushima et al., 2008; Abadias, 2008).
Throughout the deposition processes it is possible to control the ratio of Ti:N
to form a TiN coating. Variation in this stoichiometry alters the hardness of
the coating (Stanislav et al., 1990), numerous studies have been carried out in-
vestigating this with varying results, most probably due to the variation in coat-
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ing parameters and conditions (O'Hern et al., 1989; Arnell et al., 1996; Cheval-
lier and Chabert, 1981). Arnell et al. (1996) report that the hardest coating is
achieved when  has a value of 0.9, these achieved microhardness values up to
4,000kgf/mm2 (39GPa) while Chevallier and Chabert (1981) reported that when
 has a value of 0.7, microhardness ranged from 3,500-4,000kgf/mm2 (34-39GPa).
The thickness of TiN coatings is not constrained by the residual stresses in the
same way as DLC coatings. TiN also has residual stress in the GPa's however,
they can achieve much thicker coatings as the stresses decrease in thicker coatings
(Chou et al., 2002; Machunze and Janssen, 2008). As with DLC coatings their
structure can also be modied with multilayers and interlayers to reduce the
internal stresses (Huang et al., 2006).
TiN is currently applied to hip joint prostheses and is used in other applications
such as machine tooling that requires a very hard coating. Initial TiN coatings
that were applied to hip prostheses were susceptible to delamination and failure,
raising fears for all coatings and slowing progress in the area (Harman et al., 1997;
Raimondi and Pietrabissa, 2000).
The paper by Raimondi and Pietrabissa (2000) is one of the few retrieval studies
on TiN coated hip joints. It shows that there are a number of wear mechanisms
that the coatings undergo which lead to failure. Fretting was observed in two of
the four explanted joints and scratching and surface roughening indicated that
the coating was susceptible to third body wear. The hard wear particles that are
produced from TiN will also exacerbate wear of UHMWPE counter-faces (Onate
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et al., 2001; Batista et al., 2002; Zu et al., 2001; Dobrzanski et al., 2001). Onate
et al. (2001) showed that after ve million cycles of in vitro testing in a knee
simulator, the UHMWPE debris produced with a TiN coating was 3.531mg, in
comparison to 0.690mg for a similar uncoated joint and 0.150mg for a DLC coated
joint.
Harman et al. (1997) reports that in the case of joints manufactured by Endotec,
the coating contained a nonuniform droplet size. The larger droplets formed as-
perities which increased the roughness, could scratch the counter-face and were
exposed to high contact pressures causing them to become dislodged. The dis-
lodged particles were free to move around in the bearing and exacerbated wear.
A more controlled deposition would improve the coating in this case.
Although the poor adhesion, lack of resilience to third body wear and eect
of coating debris on the counter-face wear has caused research to look towards
alternative coatings, TiN continues to be the main hip joint coating solution
available on the market.
2.5.3 Sputter Deposition of Coatings
Coatings can be deposited by two main methods: CVD and PVD, within these
methods there are a variety of dierent techniques This study will focus on a
specic PVD method known as sputtering.
As implied by the names, PVD is a process whereby the coating is deposited using
physical methods; particles are physically removed from a source and transported
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to the substrate to be coated. CVD methods use chemical methods to transport
the coating particles.
The CVD process was rst documented in 1897 by de Lodyguine who patented
a method of depositing tungsten on carbon laments (Lodyguine, 1897). CVD
deposition can be generalised as a process by which a precursor gas undergoes
chemical deposition on the substrate to deposit the atoms which comprise the
intended coating. The chemicals involved in the CVD processes can be toxic and
temperatures involved can cause problems for the substrate. In the case of TiN
deposition, TiCl4 is used and temperatures reaching 1,000C can be obtained
(Eskildsen et al., 1999). If the coating is being applied to steel, the benets of
any thermal treatment applied to the substrate prior to coating could be negated
(Eskildsen et al., 1999).
A PVD process was rst described by Edison (1884), this has become known
as cathodic arc deposition. Cathodic arc deposition focuses a high current, low
voltage beam on a tightly conned spot on the target - the source material for
the coating. The energy density within this spot leads to rapid evaporation and
ejection of material from the target. The ejected material can spread throughout
an evacuated chamber and deposit on any exposed surfaces.
Sputtering is a technique, whereby atoms are ejected from a source material as
they are bombarded by an inert gas plasma (Sigmund, 1969). At its most basic,
this can involve a single target cathode contained within an anode chamber. The
introduction of a gas and a potential dierence between the anode and cathode
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will cause the formation of a plasma. The ions within the plasma will be acceler-
ated towards the cathode and bombard its surface. Provided this bombardment
imparts sucient energy into the surface atoms, they will break free from the
surface and spread throughout the deposition chamber and deposit onto any ex-
posed surfaces (Kelly and Arnell, 2000). The collisions of the gas on the target
also lead to the production of secondary electrons; the electrons can ionise further
gas particles and therefore feed and sustain the process (Stallard, 2005; Kelly and
Arnell, 2000).
This basic method is limited and not particularly ecient. It will only function
when the target material is conductive, the deposition rates are slow and plasma
ionisation eciency is poor (Kelly and Arnell, 2000). Magnetron sputtering al-
lows the sputtering of any material, even if non-conductive; it can also improve
deposition rates and ionisation eciency. The magnetrons are placed behind the
target and a radio frequency eld used to enable the plasma to form. The mag-
netic elds from the magnetrons can be congured to constrain the secondary
electrons so that they remain close to the target and therefore improve ionisation
eciency which will lead to increased bombardment of the target and greater
sputter rates (Kelly and Arnell, 2000). Further improvements can be made by
closing the magnetic eld to prevent ions escaping the eld which will increase
plasma density (Teer, 1991).
The use of unbalanced magnetrons has been investigated by Window and Savvides
(1986). Window and Savvides (1986) established that by modifying the magnetic
eld with unbalanced magnetrons the substrate being coated could be bombarded
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with ions from the plasma. This bombardment modies the surface and alters the
coating as it is being deposited. The coating nucleation, morphology, composition
and crystallinity are all altered which can lead to harder, more wear resistant
coatings (Window and Savvides, 1986).
Introduction of a reactive gas to the plasma can further increase the range of
coatings that can be deposited to compounds including oxides, nitrides and car-
bides (Sa, 2000). By this method, a titanium target with nitrogen reactive gas
can deposit a TiN coating.
2.6 Summary
Articial replacement of all or part of the hip joint has been carried out since the
late 19th Century. Since the rst implant, problems have been identied which
lead to the failure of the replacement, necessitating a further revision operation
in most cases.
Today the largest cause of prosthesis failure is aseptic loosening which is com-
monly attributed to excessive wear of the implants materials, particularly UHMWPE.
Surface coatings can be applied to the prostheses to reduce the wear. TiN and
DLC coatings have been used previously, although not extensively. In the few
reports that are available on their clinical performance coating adhesion is a
problem.
DLC coatings can be extensively modied with dopants or with transition layers
41Development of Total Hip Joint Replacement
to improve their wear and adhesion, this capability has resulted in their extensive
use in other industries such as the tooling and semiconductors; their use has not
been fully exploited in the orthopaedic industry.
423. Coating Deposition
3.1 Introduction
The deposition of coatings onto CoCr and UHMWPE substrates is described
within this chapter. A total of six dierent coatings were deposited using a PVD
technique. Five were deposited onto CoCr substrates, while one was deposited
onto UHMWPE substrates. In addition some of the UHMWPE substrates were
ion implanted with nitrogen ions prior to coating deposition.
The interface between a DLC coating and UHMWPE will have a large hardness
dierence. Under the loads experienced in a hip joint, up to ve times body
weight (Bergmann et al., 2001; Rydell, 1966; Paul, 1967), the UHMWPE will
compress and deform which will cause high stresses to be exerted on the coating.
It is likely that the coating will fail because it will be unable to deform with
the substrate. By altering the hardness of the UHMWPE and coating so that
a smooth transition from the soft UHMWPE to hard coating is achieved the
stress concentration can be reduced and improve the coating's adhesive properties.
Although the hardness of DLC coatings can be modied and range between 7-
65GPa (Donnet and Erdemir, 2008), this are signicantly harder than UHMWPE
which has a hardness of 0.26GPa (shown later in Table 4.3), in order to obtain a
similar hardness between coating and UHMWPE it is necessary to increase the
hardness of the UHMWPE. This can be achieved by ion implantation, which is
a surface modication technique that can be used to modify surface properties,
including hardness, of a material such as UHMWPE.
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Ions are accelerated towards UHMWPE, they penetrate the surface and impart
energy to the material by momentum transfer until they come to rest. The energy
imparted to the atoms can break bonds, ionise and scatter other atoms. As the
scattered atoms move through the substrate in a similar fashion to the original
ions they further modify the structure as they disrupt surrounding atoms. With
more energy, the bombarding ions are able to penetrate deeper into the substrate
causing additional disruption. The depth that they penetrate and the eect they
have on the UHMWPE is dependent on the ion mass and the energy.
Ion implantation of medical implants has been investigated. The implantation can
harden the surface and potentially reduce the wear. Nitrogen implantation has
been studied on metallic substrates including titanium alloys (Torregrosa et al.,
1995); CoCr (Onate et al., 2001; Bowsher et al., 2004) and polymeric substrates
used in hip joints (Shi et al., 2001).
Ion implantation for MOM joints should not be viewed as particularly benecial.
Run in wear of these joints is high and can remove 25m in the rst year (Sieber
et al., 1998). Using stopping and range of ions in matter (SRIM) (Ziegler et al.,
2008), a software package which uses the projected range algorithm developed
by J. P. Biersack (Ziegler et al., 1985) it can be found that an ion energy of ap-
proximately 400MeV would be required to achieve a depth of 25m in CoCr with
nitrogen. Bowsher et al. (2004) demonstrate this problem with a hip simulator
study of ion implanted CoCr MOM joints with the 0.2m implantation depth
being removed early on in the simulation.
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Ion implantation into UHMWPE is likely to have a more noticeable improvement
on wear of implants, their high levels of wear could be reduced. The low density
of polyethylene also means that the ion implantation energy does not have to be
as high to achieve micron depths in the substrate, 325KeV will achieve a depth of
1.06m (Appendix A). Studies into ion implantation of UHMWPE have shown
that the ion bombardment leads to increased cross-linking and forms a diamond-
like surface layer (Marcondes et al., 2004).
3.2 Ion Implantation of UHMWPE Components
For this study UHMWPE was ion implanted with nitrogen using the Danfysik
machine at the University of Surrey (2007). Ions were accelerated away from the
cold penning ion source to an analysing magnet which ltered unwanted elements
and isotopes. A further accelerator increased the beam energy to it's nal en-
ergy before passing through focusing quadrupole magnets and a scanning magnet
which enabled the beam to be scanned across the surface of the UHMWPE target
(Figure 3.1).
Two groups of UHMWPE samples were ion implanted, the rst group was un-
modied and implanted with a beam energy of 15KeV. The second group had
been pre-coated with a 40nm layer of chromium using the closed eld unbalanced
magnetron sputter ion plating (CFUMSIP) method developed by Teer Coatings
Ltd. (2007) and described later in Section 3.3; with these precoated samples
a beam energy of 45KeV was used to account for the layer of chromium. The
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Figure 3.1: Schematic of Danfysik ion implanter
40nm layer was conrmed using scanning electron microscopy (SEM) (Figure
3.2). Two dierent doses were used for the two groups of UHMWPE, these were
1￿1015particles/cm2 and 5￿1015particles/cm2.
Consequently the following ve conditions of UHMWPE were produced for test-
ing
1. Unmodied UHMWPE
2. Nitrogen implanted UHMWPE at 15KeV with a dose of 1￿1015particles/cm2
3. Nitrogen implanted UHMWPE at 15KeV with a dose of 5￿1015particles/cm2
4. Precoated (with chromium) UHMWPE, nitrogen ion implanted at 45KeV
with a dose of 1￿1015particles/cm2
5. Precoated (with chromium) UHMWPE nitrogen ion implanted at 45KeV
with a dose of 5￿1015particles/cm2
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Figure 3.2: SEM of Cr layer deposited onto UHMWPE prior to ion implantation
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3.3 Coating Deposition
Coatings used in this study were deposited using the UDP-650-FOD at Teer Coat-
ings Ltd. (2007), this is a CFUMSIP process (Figure 3.3). The device consists of
a front opening door with four magnetron targets equally spaced around the out-
side, the targets are made from materials that will be deposited into the coating,
but for this study, the rear target was chromium, with the two side targets being
carbon and the front target made from CoCr. The centre of the chamber contains
the sample holder which rotates at ve revolutions per minute throughout the
coating cycle and is held at a negative bias relative to the chamber so that ions
accelerate towards the sample holder. A cross section of the machine can be seen
in Figure 3.3.
The coatings that were deposited are derived from the Graphit-iCTM coating
developed by Teer Coatings Ltd. (Teer et al., 2004). The Graphit-iCTM coating
has been studied extensively (Yang et al., 2000; Teer et al., 2004; Teer, 2001;
Coldwell et al., 2004; Stallard et al., 2004; Stallard, 2005; Camino et al., 1999);
Stallard et al. (2004) reports low wear factors of 4.5￿10 18m3/Nm and critical
scratch loads of 98N. It is thought that the coating has the potential to perform
similarly in the orthopaedic eld.
The Graphit-iCTM coating comprises a chromium layer, between 50 and 200nm
thick, deposited directly onto the substrate, with a bias of 120V. When the
chromium layer is approximately 50nm and the process has been running for
2,160 seconds the bias is immediately dropped to 60V, for the following 1,800
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Figure 3.3: Cross section of Teer Coating's closed eld unbalanced magnetron
sputtering chamber
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Figure 3.4: Idealised representation of a graduated Graphit-iCTM coating
seconds the current to the chromium magnetron is decreased and current to the
carbon magnetron is increased. This creates a graduated coating so that by the
time the process is nished the surface of the coating comprises mostly of carbon,
illustrated in Figure 3.4. Parameters of this coating along with all the others


















Table 3.1: Deposition parameters of Coating 1: 40V bias
Magnetron Current (A)
Time (s) Cycle description Chromium Carbon Chromium Carbon Substrate Bias Voltage (V)
1800 ion clean 0.4 0.3 0.4 0.3 400
360 Cr layer 4 0 0 0 120
1800 Ramp 4!0.25 0!3.5 0 0!3.5 40
18000 GiC 0.25 3.5 0 3.5 40
Table 3.2: Deposition parameters of Coating 2: Graphit-iCTM
Magnetron Current (A)
Time (s) Cycle description Chromium Carbon Chromium Carbon Substrate Bias Voltage (V)
1800 ion clean 0.4 0.3 0.4 0.3 400
360 Cr layer 4 0 0 0 120
1800 Ramp 4!0.25 0!3.5 0 0!3.5 60
18000 GiC 0.25 3.5 0 3.5 60
Table 3.3: Deposition parameters of Coating 3: 80V bias
Magnetron Current (A)
Time (s) Cycle description Chromium Carbon Chromium Carbon Substrate Bias Voltage (V)
1800 ion clean 0.4 0.3 0.4 0.3 400
360 Cr layer 4 0 0 0 120
1800 Ramp 4!0.25 0!3.5 0 0!3.5 80



















Table 3.4: Deposition parameters of Coating 4: 60 to 40V transition bias
Magnetron Current (A)
Time (s) Cycle description Chromium Carbon Chromium Carbon Substrate Bias Voltage (V)
1800 ion clean 0.4 0.3 0.4 0.3 400
360 Cr layer 4 0 0 0 120
1800 Ramp 4!0.25 0!3.5 0 0!3.5 60
300 GiC 0.25 3.5 0 3.5 60
17700 GiC 0.25 3.5 0 3.5 60!40
Table 3.5: Deposition parameters of Coating 5: CoCr interlayer
Magnetron Current (A)
Time (s) Cycle description Chromium Carbon Cobalt Chromium Carbon Substrate Bias Voltage (V)
1800 ion clean 0.4 0.3 0.4 0.3 400
420 CoCr layer 0 0 4 0 120
60 CoCr layer 0 0 4 0 120!60
60 CoCr layer 0 0 4 0 60
60 CoCr!Cr 0!4 0 4!0 0 60
120 Cr 4 0 0 0 60
1800 Ramp 4!0.25 0!3.5 0 0!0.35 60



















Table 3.6: Deposition parameters of Coating 6: Graphit-iCTM deposited onto UHMWPE Samples A-E
Magnetron Current (A)
Time (s) Cycle description Chromium Carbon Chromium Carbon Substrate Bias Voltage (V)
400 ion clean 0.2 0.1 0.2 0.1 300
900 Cr layer 2 0 0 0 80!45
3600 Ramp 2!0.15 0!2.1 0 0!2.1 45
23400 GiC 0.15 2.1 0 2.1 45
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Varying the substrate bias alters coating nucleation, morphology and crystallinity;
increasing the bias will create a harder coating with greater sp3 content. Zhang
et al. (2000) reports coatings of this nature to have an sp3 content of less than
0.5%. Provided that the samples are position in the chamber so that as they are
rotated around they each face all the magnetrons for the same period of time
and from the same distance, they can be considered similar. Subsequent coating
depositions are also highly reproducible, provided the samples are loaded into the
chamber similarly and the deposition parameters are maintained (Field, 2009).
Coatings 1-5 were each deposited onto a CoCr pin and 5 CoCr discs. The sixth
coating (Table 3.6) was deposited onto the UHMWPE substrates, which had been
ion implanted with nitrogen (Section 3.2). Deposition onto the UHMWPE was
run for 6.5 hours instead of the 5 used for depositing onto CoCr, this was because
the magnetrons were run at a lower power so that the temperature generated in
the coating chamber, which is normally approximately 200C, would not damage
the UHMWPE.
Prior to loading samples into the deposition chamber they were cleaned with
acetone and then placed in an ultrasonic bath for 10 minutes. Once clean the
samples are placed onto the sample holder and the chamber evacuated to a pres-
sure of 2.5￿10 5 torr. Argon was introduced into the chamber at a rate of
1￿10 5m3/min and an argon plasma created using an RF power source. In addi-
tion to the samples CoCr and UHMWPE samples, one M42 tool steel (American
Society for Testing and Materials, 2004) sample was placed in the chamber for
each coating run. This is a routine quality control sample that Teer Coatings
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Figure 3.5: Side prole of the device used in the ball crater method
Ltd. use for comparison with any other coating run they have carried out.
Prior to coating deposition the substrates undergo an \ion clean" for 30 minutes
which causes the argon plasma ions to bombard and etch the substrate surface.
During the ion clean the substrate bias is set high, approximately 450V in com-
parison to a more 40-80V range used during deposition. After the ion clean the
coating process begins.
Following deposition the M42 tool steel sample from each deposition process was
used to determine the coating thickness using the ball crater technique. Shown
schematically in Figure 3.5 with a photo illustrating how the ball is rests on the
drive shaft in Figure 3.6. The coated substrate is inclined at an angle and a steel
ball rotated against it. The process causes a circular wear scar to appear through
the coating; this can be accelerated by using an abrasive such as diamond paste.
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Figure 3.6: Photo of ball crater device illustrating how the ball is held in place
When the coating has been worn through it is possible to observe and measure,
under an optical microscope two concentric circles seen in Figure 3.7. It is possible
to calculate the coating thickness using Equation 3.1
Thickness =
xy
diameter of steel ball
(3.1)
By using this method it was possible to determine the thickness of each of coating,
these are shown in Table 3.7.
Table 3.7: Coating thicknesses
Sample Description Thickness (m)
1 40V Bias 2.3
2 Graphit-iCTM 2.0
3 80V Bias 2.0
4 60 to 40V Transition Bias 2.0
5 CoCr Interlayer 2.2




Figure 3.7: Schematic of the crater produced during the ball crater method
3.4 Summary
This chapter has described the method by which coated samples were prepared
for study in this thesis. Consequently the following CoCr pins and discs are to
be tested, they will be described as seen in Table 3.8 and designated in graphs
by their associated number.
Table 3.8: CoCr pin and plate samples for study
Sample Number Description
1 40V bias coated CoCr
2 Graphit-iCTM coated CoCr
3 80V bias coated CoCr
4 60 to 40V transition bias coated CoCr
5 CoCr interlayer coated CoCr
6 Uncoated CoCr
Similarly, all UHMWPE plates have been coated with Graphit-iCTM and modied
by ion implantation, they will be described as seen in Table 3.9 and designated
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in graphs and tables by their associated letter:
Table 3.9: UHMWPE plate samples for study, all coated with Coating 6
Sample Letter Description
A Nitrogen implanted UHMWPE at 15KeV
with a dose of 1￿1015particles/cm2
B Nitrogen implanted UHMWPE at 15KeV
with a dose of 5￿1015particles/cm2
C Precoated (with chromium) UHMWPE,
nitrogen ion implanted at 45KeV with a
dose of 1￿1015particles/cm2
D Precoated (with chromium) UHMWPE





Standard indentation techniques are not capable of resolving any information
from the coatings deposited onto CoCr and UHMWPE in this study. The in-
dentation deforms both the coating and the substrate resulting in a composite
hardness measurement. To examine the properties of coatings it is necessary to
use reduce the loads from the newtons and kilo-newtons that are typically used in
standard hardness tests such as the Rockwell C to milli-newtons which minimise
the substrate deformation. Using milli-newton loads for hardness measurement
reduces the substrate deformation and is a technique known as nano-indentation.
Because of the small loads used in nano-indentation the technique tends not to
examine the resulting indent but instead records a load-depth prole through
both the loading and unloading procedure. This means that elastic and plastic
properties can also be examined. An extensive review has been carried out by
Oliver and Pharr (2004) in which the calculation of material properties from
nano-indentation is discussed.
The nano-indentation technique is extremely sensitive to environmental changes;
temperature and pressure will have a large eect on results when attempting to
control sub-nanometre movements and N loads. Complex control equipment
is required to support the method. The Micro Materials Ltd nanotest machine
utilises a lever on a pivot. An electromagnet controls the load while capacitor
59Coating Hardness
Figure 4.1: Micromaterials NanoTest schematic
plates accurately determine the position (Figure 4.1).
As with standard hardness tests, the hardness is calculated from the maximum





The load is known and the indentation can be measured under a microscope.
The Nanotest machine from Micro Materials Ltd instead uses an indentor with
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Figure 4.2: Typical graph produced from nano-indentation
known geometry, normally a Berkovich tip. The equipment records both the load
and depth penetration; knowing the depth and the geometry of the indentor it
is possible to calculate the area and therefore hardness without observing the
indentation under a microscope (Figure 4.2). Multiple indents are used to reduce
statistical error and are indicated for illustrative purposes in Figure 4.2. From
the graph it is also possible to calculate the stiness, this is from the gradient of






The indentation technique is also capable of determining the reduced modu-
lus which is related to the material's elastic modulus by equation 4.3 (Oliver
and Pharr, 2004), where Er=reduced modulus, Ei=indentor elastic modulus,













The reduced modulus is calculated from the stiness parameter and the con-









Indents on CoCr plates (Samples 1-5) were carried out over a depth range of
30nm to 300nm in 30nm increments so that the hardness at varying depths could
be calculated (Table 4.2, Appendix B), each indent was repeated three times and
separated by 50m. Sample 6 was not examined because it was uncoated and
could therefore be accurately measured for hardness using traditional techniques.
At 30nm indentation depth the hardest coating was found to be the 80V bias coat-
ing (Sample 3, Table 3.8) (12.032.03GPa) while the softest coating was found
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to be 40V bias coating (Sample 1, Table 3.8) (7.922.51GPa). These hardness
measurements remained unchanged throughout the coating as the indentations
increased to 300nm. At 300nm their hardness was recorded at 11.010.97GPa
and 7.841.05GPa respectively. Similarly the Graphit-iCTM coating (Sample 2,
Table 3.8) which was coated with a substrate bias of 60V had a constant hard-
ness throughout the coating; at 30nm and 300nm the hardness was measured
to be 11.241.73GPa and 10.160.36GPa respectively; at 210nm the hardness
increased to 14.827.67GPa for Graphit-iCTM although this was due to a single
outlier which can be seen in Figure B.7, probably caused by debris on the sample.
The 60V to 40V transitional bias coating (Sample 4, Table 3.8) and CoCr in-
terlayer coating (Sample 5, Table 3.8) both exhibit trends of increased hardness
as depth increases (Figure 4.3). The transition bias coating (Sample 4, Table
3.8) has a hardness of 8.782.03GPa at 30nm and 10.910.27GPa at 300nm,
while the CoCr interlayer coating (Sample 5, Table 3.8) hardness increases from
10.320.88 to 15.630.94GPa at 30nm and 300nm respectively. At 300nm the
CoCr interlayer coating has the highest recorded hardness of this study.
There was found to be a statistical dierence (ANOVA p<0.05) between the
40V, 60V (Graphit-iCTM) and 80V bias coatings. It follows that the 60 to 40V
transition bias coating would have a similar hardness to the 40V bias coating
when indenting to 30nm and this was the case (p>0.05).
The reduced modulus of the coatings were recorded for the coating when in-
dentation was at 300nm (Table 4.1). It was found that the coating with the
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Figure 4.3: Hardness of amorphous carbon coatings deposited onto CoCr sub-
strate as a function of depth
Table 4.1: Reduced modulus of amorphous carbon coatings deposited onto CoCr,







greatest reduced modulus was the CoCr interlayer (sample 5, Table 3.8) which
measured 173.48GPa, this compared to the 40V (sample 1) which obtained the
















Table 4.2: Hardness (GPa) of amorphous carbon coatings deposited onto CoCr over various depths, as measured by nanoindentation,
within two standard deviations
Depth (nm) 30 60 90 120 150 180 210
Sample 1 7.922.51 6.960.58 7.111.45 7.010.59 7.751.12 7.820.82 6.650.59
Sample 2 11.241.73 9.552.44 10.254.29 9.051.57 9.491.04 9.841.15 14.827.67
Sample 3 12.030.74 9.621.86 8.720.59 9.710.57 9.580.59 9.350.69 9.240.75
Sample 4 8.782.03 6.621.49 7.910.81 7.690.92 8.121.10 9.971.41 10.820.94
Sample 5 10.320.88 10.993.38 10.572.62 9.113.64 11.861.72 11.982.81 15.053.14
Depth (nm) 240 270 300
Sample 1 7.220.62 8.110.07 7.841.05
Sample 2 10.920.54 11.201.22 10.160.36
Sample 3 10.440.49 10.550.16 11.010.97
Sample 4 10.210.75 10.360.90 10.910.27
Sample 5 14.111.58 15.232.92 15.630.94
6
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Figure 4.4: Reduced modulus (GPa) of amorphous carbon coatings deposited
onto CoCr
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4.2.2 Ion Implanted UHMWPE Samples
Nano-indentation was carried out on one of the UHMWPE discs for each modi-
ed sample described in Section 3.4 by indenting to a depth of 250nm. Because
of the sensitivity of the technique and the variability of the UHMWPE, 10 re-
peats were used to reduce statistical error. Depth proling was not carried out
because the UHMWPE substrate is soft and will rapidly dominate the hardness
measurements.
Table 4.3 contains the hardness measurements for the ion implanted UHMWPE,
the depth prole graphs can be found in Appendix B, Figure B.11. Samples
nitrogen implanted at 15KeV were found to have a signicantly lower hard-
ness (Sample A: 0.12870.041GPa, Sample B: 0.124740.02GPa) than Sample E
(0.262870.065GPa) which had not been ion implanted (p<0.05); although when
an initial layer of chromium was deposited there was no dierence in hardness
(Sample C: 0.269570.053GPa, Sample D 0.25860.051) to Sample E (P>0.05)
UHMWPE. The sample with the highest modulus was the unmodied UHMWPE
(Sample E, Table 3.9) with the lowest being Sample A (Table 3.9) - UHMWPE
ion implanted with an energy of 15KeV and dose of 1￿1015particles/cm2 (Figure
4.6).
A statistical dierence in hardness was found between the samples ion implanted
with 15KeV nitrogen (A and B) and the unmodied UHMWPE (p<0.05), but no
dierence between the precoated samples (C and D) to the UHMWPE (p>0.05).
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Table 4.3: Hardness and reduced modulus of modied UHMWPE discs, within 2
standard deviations
Sample Hardness (GPa) Reduced Modulus (GPa)
Sample A 0.12  0.04 1.10  0.34
Sample B 0.12  0.02 1.24  0.23
Sample C 0.27  0.05 1.94  0.27
Sample D 0.26  0.05 2.06  0.33
Sample E 0.26  0.07 2.48  0.76
Figure 4.5: Hardness of ion implanted and coated substrates at a depth of 250nm
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The CoCr interlayer coating initially had a hardness similar (p>0.05) to the
Graphit-iCTM coating which had a similar substrate bias, however at 150nm
there was a signicant dierence (p<0.05). This continued until 300nm with
the exception of the indentation at 210nm where an outlier caused an increased
hardness of the Graphit-iCTM coating. Other coatings with a constant bias re-
mained constant at a depth of 30nm there was no signicant dierence between
from Sample 2 which had a bias of 60V. The coatings dier by the addition of
the CoCr interlayer which is therefore the likely cause of the increased hardness.
Yang et al. (2000) report that over the bias range used in this thesis, increased bias
leads to increased hardness; this is reected in the results seen here and suggests
why Sample 4, the 60 to 40V transition bias coating, increases in hardness from
a level similar to that of Sample 1 (40V bias) at the surface to Sample 2 (60V
bias) at a depth of 300nm.
It is commonly understood that the hardness of a material relates to it's wear
property, increased hardness usually equating to reduced wear (Archard, 1953).
Lancaster (1963) also relates wear properties to the elastic modulus of a material,
suggesting that the wear rate is inversely proportional to the elastic modulus
for smooth surfaces. Leyland and Matthews (2000) however proposes that this
relationship is because materials with a high elastic modulus also exhibit a high
hardness. It has been noted by Oberle (1951) that increasing wear resistance
correlates well with the rank order of the hardness-modulus ratio (H/E). This
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Figure 4.7: Comparison of H/E ratio for coatings deposited onto CoCr
has been investigated further by Leyland and Matthews (2000) who supports the
theory, but highlights the fact that there is no conclusive evidence to suggest a
need to reduce the modulus of elasticity to improve wear.
Considering this, the H/E ratio for the coatings deposited onto CoCr suggest
that Sample 5, the coating with a CoCr interlayer, will have the lowest wear
factor, followed by the 40V bias coating (Figure 4.7). This opposes what would
be predicted if ranking only hardness, which shows the 40V bias coating with the
lowest hardness.
The eect of nitrogen ion implantation was not as expected. The process was in-
tended to increase the hardness of UHMWPE at the substrate coating boundary,
however it appears that the eect of ion implantation used at the levels in this
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study was to reduce the hardness of the polymer; this may be due to the ion bom-
bardment disrupting the polymer chains, breaking them into shorter fragments;
shorter polymer chains would reduce the material hardness and cause the results
observed here.
Hardness of the samples with a 40nm chromium layer do not vary signicantly
from the unmodied UHMWPE. This can possibly be attributed to the nitrogen
implantation disrupting the polymer chains and softening the surface as shown in
the samples that were not initially coated with chromium. The chromium layer
on the surface however disguises the softening with a hard top layer.
With regards to the H/E ratio, the coating deposited onto UHMWPE which was
implanted with nitrogen at 15KeV and a dose of 5￿1015particles/cm2 is ranked
rst, ranked last is the coated UHMWPE which had not been ion implanted
(Figure 4.8), suggesting that the ion implantation will oer some benet to the
wear properties. If hardness was the main factor contributing to wear resistance,
it would suggest that ion implantation will have a detrimental eect on the wear.
The implantation has however had the eect of reducing the reduced modulus of
the UHMWPE samples, thereby making them more resistant to plastic deforma-
tion for the same strain.
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Figure 4.8: Comparison of H/E ratio for coatings deposited onto modied
UHMWPE
4.4 Summary
Reported in this chapter is hardness of the coatings deposited for this study. It
was shown that the substrate bias contributes to the hardness of a coating and
that increasing the bias leads to a harder coating. The ion implantation carried
out in this study has softened the UHMWPE substrate.
Calculation of the H/E ratio would suggest that the CoCr interlayer coating and
40V bias will have the lowest wear factors; on the UHMWPE substrates, the
UHMWPE modied with nitrogen at 15KeV and a dose of 5￿1015particles/cm2
may have the lowest wear factor.
735. Coating Adhesion
5.1 Introduction
It has been identied in the literature that adhesion of coatings is a problem when
they are deposited onto hip joint prostheses (Section 2.5). Improved adhesion to
the substrate should reduce the incidence of this, this can be measured by a
number of methods including: scratch testing, pull o tests and Daimler-Benz
tests (Morshed et al., 2003; Randall et al., 2001; Heinke et al., 1995).
The Daimler Benz test involves loading a Rockwell C indentor onto the coating
and observed the resulting indent. The test is qualitative in nature, the adhesion
being graded from HF1 to HF6 dependent on the level of cracking and delami-
nation around the edge of the indent (Heinke et al., 1995). This method is most
suited to rapid quality control checks of production coatings.
Both scratch testing and pull o tests are quantitative in nature. With scratch
testing a stylus (typically a Rockwell diamond tip) is drawn across the coated
substrate with a controlled increasing load. Performance of the coating can be
determined by examination of the resulting scar under a microscope to observe
points of initial failure, edge cracking, initial failure and total failure. The position
of the feature on the scar can be related to the load. Alternatively acoustic
emissions or friction can be recorded as the scratch test is being formed (Randall
et al., 2001; Zhang et al., 2008; Yatsuzuka et al., 2009). Pull o tests involve
applying a stud, xed with an epoxy adhesive to the coating. The force required
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to pull the stud and coating from the substrate indicates the adhesion (Morshed
et al., 2003).
Similar to wear testing, parameters for scratch tests vary between research groups
and papers. Randall et al. (2001) examined the eect of indentor size, scratch
speed and loading rate and established that increasing the indentor size and load-
ing rate increased the critical load, while the critical load decreased for increasing
scratch speed.
This chapter examines the adhesion of the coatings deposited onto CoCr and
UHMWPE using the scratch test method.
5.2 Method
5.2.1 CoCr Substrates
During this study the Teer Coatings Ltd. ST3001 Scratch tester was used at
Teer Coatings Ltd. (2007). An initial load of 10N was applied and increased at a
rate of 100N/min (1.67Ns 1), the drag speed was 10mm/min (1.67￿10 4ms 1).
These parameters were selected due to their routine use at Teer Coatings Ltd.,
thereby enabling comparison with similar coatings if necessary in the future.
The adhesion of the coating was quantied by locating points of initial chipping
and total failure under the microscope (Figure 5.1) and determining the associated
load at these points on the scar using equation 5.1.
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Figure 5.1: Points of interest on a scratch test micrograph
Load at measured point = (
load rate
drag speed
)  distance along scar + initial load
(5.1)
One CoCr disc from each coating run was scratch tested; three repeats were
carried out on the disc.
5.2.2 UHMWPE Substrates
In the case of scratch tests against UHMWPE, the discs deformed due to the load
it was placed under; the tip holder came into contact with the test disc thereby
preventing a complete scratch from being recorded. The eect of deformation
was mitigated by using a 1.5mm tungsten carbide ball bearing instead of the
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rockwell diamond, decreasing the initial load to 5N; the nal load was 80N. This
reduced the contact pressure but prevented comparison with any of the coatings
deposited onto metal substrates, it did enable subjective comparison between the
other coated UHMWPE substrates.
Similar to the CoCr samples, one disc of each of the various ion implantation
samples was tested with three repeats.
5.3 Results
5.3.1 CoCr Substrates
The points of chipping and total failure for all of the coatings can be found
in Table 5.1 and are illustrated in Figure 5.2. The coating with the greatest
resistance to chipping and total coating failure was Sample 5: Graphit-iCTM with
a CoCr interlayer (52N and 58N respectively). Dierent coatings had the lowest
resistance to chipping and total coating failure, these were Sample 4: 60 to 40V
transition bias coating (39N) and Sample 3: 80V bias coating (49N) respectively.
Analysis of Variance (ANOVA) indicates that there is a statistical dierence
between the coatings (p<0.05). Analysis suggests that coating variation causes
a dierence in the point of chipping and total failure (ANOVA p<0.05).
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Table 5.1: Scratch test results of coatings deposited onto CoCr






Sample 1 40V Bias 45 1.6 54 1.5
Sample 2 Graphit-iCTM 45 4.3 52 1.5
Sample 3 80V Bias 42 2.6 49 2.3
Sample 4
60 to 40V Transition
Bias 39 2.9 50 5.3
Sample 5 CoCr Interlayer 52 1.8 58 1.7




Scratches in the UHMWPE produced deep grooves within the substrate and coat-
ing, confocal micrographs were obtained to overcome the depth of eld problems
that arose. Visual inspection of the micrographs (Figures 5.3 through 5.7) enable
a subjective interpretation of the results. There was crazing across the surface
of the coatings even outside of the areas being scratch tested; this was most pro-
nounced on the coatings ion implanted at 45KeV and is indicative of cohesive
failure. Despite this none of the coatings exhibited total adhesive failure (i.e.
delamination) on the scratch tests. However, Samples D and E, initially coated
with chromium and then ion implanted with a 45 KeV beam showed characteristic
















Figure 5.3: Micrograph of scratch on Sample A - amorphous carbon coated UHMWPE substrate ion implanted with nitrogen at
15KeV and a dose of 1￿1015 particles/cm2
Figure 5.4: Micrograph of scratch on Sample B - amorphous carbon coated UHMWPE substrate ion implanted with nitrogen at

















Figure 5.5: Micrograph of scratch on Sample C - amorphous carbon coated UHMWPE substrate ion implanted with nitrogen at
45KeV and a dose of 1￿1015 particles/cm2
Figure 5.6: Micrograph of scratch on Sample D - amorphous carbon coated UHMWPE substrate ion implanted with nitrogen at





















Adhesion of the 40, 60 and 80V bias coatings to CoCr (Samples 1-3) worsened
with increasing bias; this has been reported on other substrates (Yang et al.,
2000). As discussed in Section 2.5.1 is caused by the higher bias increasing
coating stress, which reduces the adhesive performance of the coating. Increased
coating thickness can also lead to increased stress and it was noted in Chapter
3 that the 40V bias coating (Sample 1, Table 3.8) was 2.2m thick, 0.2m more
than the other coatings; this could have increased the coating stress and reduced
the adhesive performance, although if this was the case it was not sucient to
reduce the adhesion to a level less than the Graphit-iCTM (Sample 2, Table 3.8),
which uses a 60V substrate bias.
If the substrate bias were the main factor that aects the adhesion of the coating,
then it would be expected that Sample 4, the 60 to 40V transition bias coating,
would have similar adhesive properties to the 40V bias coating and Graphit-
iCTM coating. This however was not the case as it exhibited total failure at
50N compared to 54N and 52N for the 40V bias and Graphit-iCTM coatings
respectively. Similarly chipping occurred at 39N for Sample 4 compared to 45
for the 40V bias and Graphit-iCTM coatings. It is not clear why the 60 to 40V
transition bias coating performed as it did; the reduction in adhesion is linked
to an increased intrinsic stress within the coating (Donnet and Erdemir, 2008)
which was most likely caused by the transitional bias.
As discussed in Section 2.5.1, multilayers can reduce the intrinsic stress within a
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coating (Sheeja et al., 2003; Zhang et al., 2005b), this appears to have been the
case with the CoCr interlayer coating which had the strongest adhesion out of the
tested coatings. This coating comprises a layer of CoCr followed by chromium and
then carbon. A factor which could also have contributed is the transition from the
substrate into the coating. Lyubimov et al. (1992) reported that gradient coatings
prevent distinct boundaries for cracks to propagate along. The deposition of CoCr
in Sample 5 onto the CoCr substrate may have been advantageous for this reason.
It was not possible to quantify the adhesion of the coatings deposited onto
UHMWPE, Samples A-E, this and the use of a dierent indentor prevents com-
parison with the CoCr substrates. It was the intention of the ion implantation
to increase the hardness of the UHMWPE substrate so the dierence in hardness
between the UHMWPE and coating was reduced. It was anticipated that this
would improve adhesion, however Chapter 3 showed that the eect of ion im-
plantation was to reduce the hardness of the substrate and therefore increase the
dierence in hardness between the UHMWPE and coating, it would therefore be
expected that the ion implanted samples will not adhere as well as unmodied
UHMWPE.
This is true for the samples initially coated with chromium and subsequently
ion implanted at 45KeV. Coating delamination can be seen in Figures 5.8 and
5.9. Islands of coating can be seen to remain adhering to the substrate. Such
extensive delamination does not occur on the unmodied UHMWPE where the
coating appears to remain mostly adhered to the substrate (Figure 5.10).
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Figure 5.8: 20￿magnication micrograph of scratch on Sample C, an amorphous
carbon coated UHMWPE substrate ion implanted with nitrogen at 45KeV and
a dose of 1￿1015 particles/cm2
Figure 5.9: 20￿magnication micrograph of scratch on Sample D, an amorphous
carbon coated UHMWPE substrate ion implanted with nitrogen at 45KeV and
a dose of 5￿1015 particles/cm2
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Figure 5.10: 20￿magnication micrograph of scratch on Sample E, an unmodied
amorphous carbon coated UHMWPE substrate
Similarly to the unmodied coated UHMWPE the micrographs of the 15KeV
modied UHMWPE samples do not show large areas of delamination with small
islands of adherent coating (Figures 5.11 and 5.12). In these two cases it appears
that the coating has undergone massive cohesive failure, the speckled appearance
suggesting microcracks all over the surface of the coating. But, this does not
appear to be to the detriment of the coating adhesion.
It would appear that because there are discrete islands of coating, caused by the
cohesive failure, when a load is applied which causes the UHMWPE to deform,
the coating is also able to deform without being stressed such that the coating
fails and delaminates. Segmentation of DLC coatings has been investigated by
Aoki and Ohtake (2004). This study used a grid structure to mask the substrate
and create discrete areas (1 ￿1mm) of coating during deposition and found that
the coating was more resistant to fracture under pin on disc testing compared to a
non segmented DLC coating. Aoki and Ohtake (2004) also reported that because
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Figure 5.11: 20￿magnication micrograph of scratch on Sample A, an amorphous
carbon coated UHMWPE substrate ion implanted with nitrogen at 15KeV and
a dose of 1￿1015 particles/cm2
Figure 5.12: 20￿magnication micrograph of scratch on Sample B, an amorphous
carbon coated UHMWPE substrate ion implanted with nitrogen at 15KeV and
a dose of 5￿1015 particles/cm2
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of the high surface roughness of their Sample (1m Ra) it was suspected that the
coating was fracturing in the troughs and causing micro-segments to form; this
may be occurring in the UHMWPE discs used in this study, which have a surface
roughness of 0.29m Ra.
5.5 Summary
Within this chapter the adhesion characteristics of the coatings deposited for this
study have been discussed. Scratch testing was used to determine this and found
that of the coatings deposited onto CoCr, the coating with the CoCr interlayer
(Sample 5) was the most adherent and resistant to the scratch test. The 80V
bias coating (Sample 3) and 60 to 40V transition bias (Sample 4) coating were
the least adherent.
It was not possible to quantify the adhesion of the coatings deposited onto
UHMWPE as substrate deformation prevented this. It was however established
that Samples C and D, which were precoated with chromium and then ion im-
planted with nitrogen did not have particularly good adhesion compared with
Samples A, B and E. In all of the UHMWPE samples, the deposited coating
exhibited signs of cohesive failure, cracks being observed across the surface.
886. Coating Toughness
6.1 Introduction
During the gait cycle, loading is applied cyclically to the hip joint and separation
between the femoral head and acetabular cup occurs. Some wear simulators tests
consider this by inducing micro-separation (Nevelos et al., 2000; Mak et al., 2002).
Fatigue and toughness of a coating deposited onto hip joints is therefore going to
play a role in it's overall performance.
Micro-impact testing is a technique which can be used for low cycle, accelerated
fatigue testing of coatings (Beake et al., 2001b, 2004). Before this technique,
toughness was commonly gauged by the length of cracks formed from the corner
of a Vickers indentation; this technique however is prone to signicant uncertainty
(Anstis et al., 1981).
The micro-impact test typically causes an initial plastic deformation which leads
to the formation of subsurface cracks; subsequent impacts cause crack growth
until there is a fracture which causes a sudden change in depth. As the test
continues further cracks and fractures occur. These eects can be measured by
(Beake et al., 2004):
1. The nal depth of the probe at the end of the test
2. The presence of fractures
3. The time to rst fracture
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4. Probability of fracture within a given time
6.2 Method
A Nanotest device previously described in Section 4 was used at the Micro Ma-
terials Ltd. site (2009). The device had been modied by placing a solenoid at
the bottom the pendulum (Figure 6.1). A cube corner indentor was used instead
of a Berkovich tip.
The solenoid enabled the indentor to be lifted from the surface of the test piece
by 9m and subsequently accelerated back to the sample with a force of 5, 25 or
50mN. These impacts occurred every 4 seconds over a 300 second test duration.
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Figure 6.1: Micromaterials NanoTest schematic with solenoid
6.3 Results
6.3.1 CoCr Substrates
The response of the coatings to initial impact was similar in all cases; the initial
impact (the depth of the rst impact) deformed the coating and substrate result-
ing in a depth of 389-777nm for a load of 25mN (Sample 5 and 3 respectively)
and 776-1,352 for a load of 50mN (Sample 5 and 3 respectively); this can be seen
in Table 6.1. The following impact resulted in failure of the coating and larger
depths being recorded.
Table 6.1: Indentation depth into coated CoCr substrates
Initial indent depth (nm) Final Depth (nm)
25mN 50mN 25mN 50mN
Sample 1 440 794 3,187 5,047
Sample 2 671 1,028 3,049 4,980
Sample 3 777 1,352 4,128 5,487
Sample 4 690 1,028 3,021 4,679
Sample 5 389 776 2,645 4,692
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Table 6.2: Rank order of coated CoCr substrates by indentation depth
Initial indent depth (nm) Final Depth (nm)
25mN 50mN 25mN 50mN
1 CoCr Interlayer CoCr Interlayer CoCr Interlayer 60-40V Bias
2 40V Bias 40V Bias 60-40V Bias CoCr Interlayer
3 60V Bias 60V Bias = 60V Bias 60V Bias
4 60-40V Bias 60-40V Bias = 40V Bias 40V Bias
5 80V Bias 80V Bias 80V Bias 80V Bias
Subsequent impacts resulted in a gradual increase in depth, in the case of Sample
1, 4 and 5 this was a relatively slow increase which were followed after a series of
impacts with a step change in depth associated with the fracture and delamination
of the coating. In the case of Sample 3 - the 80V coating, fracture and failure
occurred on the third impact in both 25mN and 50mN tests (Figure 6.2 and
6.3). The nal indentor depth, measured at the last impact, for each coating
is recorded in Table 6.1; similar to the initial impact depth, Sample 5, with the
CoCr interlayer, performs well relative to the other coatings; while Sample 3, 80V
bias, performs badly.
In light of this data on initial indent depth and nal depth, it is possible to rank
the performance of the coatings Table 6.2. Sample 5, the CoCr interlayer coating,
consistently performs well relative to the other coatings, conversely Sample 3, the
80V bias coating is consistently the worst coating tested for toughness and fatigue
resistance.
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Figure 6.2: Depth-time prole of coatings when impacted with a force of 25mN
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Figure 6.3: Depth-time prole of coatings when impacted with a force of 50mN
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6.3.2 UHMWPE Substrates
Testing was carried out on Sample A, the UHMWPE substrate modied by ni-
trogen ion implantation with 15KeV energy and a dose of 1￿1015particles/cm2.
The indentor was accelerated with a force of 5mN and 25mN. In both cases the
coating failed after the rst impact because the substrate was unable to support
the coating. This can be seen in Figure 6.4 (for clarity only the rst 50 seconds
are shown in the gure, for the remainder of the 300 second test there was a
steadily increasing depth) with the initial impact achieving a depth of 939 and
11,908nm at 5mN and 25mN respectively, jumping to 6,608 and 15,446nm at the
second impact and nal depths of 9,894 and 15,997nm. No further tests were
carried out on UHMWPE substrates because the eect of the UHMWPE will
dominate with these test parameters.
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In order for statistically valid quantitative data to be obtained it is necessary to
obtain repeats of tests carried out; time factors prevented repeats being taken
on all tests in this series however trends can be seen within the data; the re-
sults correlate well when comparing the 25 and 50mN forces suggesting that the
tests without repeats are not anomalous. By ranking the coatings they can be
compared relative to each other. The rank order of initial penetration and nal
penetration (Table 6.2) compares the relative toughness of the coatings (Beake
et al., 2001a).
To date, there has been relatively little investigation into the fracture toughness
of coatings deposited onto substrate materials; this is in part due to the diculty
of adequately quantifying the data; Zhang et al. (2005a) has reviewed the various
methodologies and highlighted the diculties associated with not having a stan-
dard procedure. Consequently there is little data available to draw a comparison
with.
The technique used here has been used previously on the Graphit-iCTM coating
(Beake et al., 2004). Dierent test parameters were used, although there does
appear to be similarities within the data, lower impact forces were used and this
resulted in lower penetration depths as well as a longer period to coating fracture.
The article suggests that intrinsic stress and adhesion may be more important
characteristics than hardness for resistance to impacts. Data collected here would
lend support to this theory.
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The two coatings developed here with the highest hardness, the CoCr interlayer
coating and the coating with an 80V bias (Section 4) rank at the opposite ex-
tremes when it comes to their fracture resistance, the CoCr interlayer coating
performing consistently well, while the 80V bias coating performs consistently
badly (Table 6.2).
The adhesion, which has been related to the intrinsic stresses of the coating
(Section 5.4), correlates when compared with the initial penetration, but this
is not the case when comparing the nal depths, which results in the 40V bias
coating and 60-40V transition bias coatings swapping 2nd and 4th positions. This
could be attributed to the eect of fatigue on the coating.
Fatigue of the coating can be interpreted by the presence of steps in the depth-
time graphs. The presence of a sudden change in depth was indicative of de-
lamination or failure of the coating, which can be seen by examination under
microscope (40x). Figure 6.5 illustrates this delamination on Sample 4. The rst
repeat does not delaminate, which can be seen in the micrograph image and is
reected in the depth-time prole with no sudden change in depth. Repeats 2
and 3 delaminate; this is can be observed in their micrograph images and by
the sudden change in depth in their associated depth time proles. These de-
laminations and fractures result from the coalescence of subsurface cracks that
develop from the cyclic action of the impacts and is indicative of fatigue (Beake
et al., 2004). Considering this, Samples 4 and 5 demonstrate the most fatigue
resistance at 50mN; at 25mN Samples 4 and 5 performed similarly well. At 25mN
the Graphit-iCTM also performed well, although there were no repeats, the single
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Figure 6.5: Comparison of depth-time prole with micrograph of resulting indents
on Sample 4 - 60-40V transition bias, force 25mN
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Figure 6.6: Micrograph of indents showing no fracture (a) Sample 2 - Graphit-iC,
(b) Sample 4 - 60-40V transition bias (c) Sample 5 - CoCr interlayer
test did not exhibit signs of fracture (Figure 6.2 and 6.6).
6.5 Summary
The toughness and fatigue properties of the coatings deposited for this study are
reported in this chapter. It was found that the coating with a CoCr interlayer
ranked highest in all toughness criteria and the coating deposited with an 80V
ranked last in all criteria.
It is likely that dierence between rank order for the initial and nal indentation
depths is related to the fatigue properties of the coating. This resulted in the
60-40V transition bias coating moving up the rank order to 2nd place.
Low cycle impact testing on the coated UHMWPE substrate resulted in failure
of the coating due to the substrate being unable to support the load.
1007. Coating Wear And Friction
7.1 Introduction
Wear performance is one of the critical factors for any hip prosthesis. Hip joint
wear simulators attempt to fully simulate the wear seen in a natural joint in both
load and motion as well as lubrication. Gait varies from person to person within
a range of normality. The range of motion and loading of the joint depends on
many factors including the person's weight, muscle strength, height and the speed
at which the person is moving. Consequently, the loading and motion used in a
simulator can only approximate the natural gait. Numerous studies have been
carried out examining the gait cycle, using both indirect (Paul, 1967) and direct
(Rydell, 1966; Bergmann et al., 2001) methods. The gait and loading cycles used
in simulators are simplied and the majority of simulators use dierent cycles,
including the Durham simulators (Smith and Unsworth, 2001), Leeds simulator
(Dowson and Jobbins, 1988; Barbour et al., 1999) and HUT simulator (Saikko,
1996; Saikko and Ahlroos, 1999). An international standard exists (Technical
Committee ISO/TC 150, Subcommittee 4, 2002) which species a loading and
gait cycle.
Bovine serum is commonly used as a lubricant for hip simulation; Ahlroos and
Saikko (1997) reports that the serum suciently replicates in-vivo conditions.
The International standard (Technical Committee ISO/TC 150, Subcommittee 4,
2002) species that 25% bovine calf serum is used for lubricating the joint. How-
ever, debate continues over the required concentration, with the ASTM standard
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Saikko (1998) 0.0204 10MPa 60,000 approx
Joyce et al. (2000) 0.052 2.04MPa 172,400
Platon et al. (2001) 0.1
pin: 0.25MPa; ball:
10 or 26mm: 3.7N 1,080
Serra et al. (2002) 0.3-1.0
33.47N (5.0mm
hemisphere) 3,000
Gispert et al. (2006) 0.046 0.39-1.53MPa 1,000
Hoseini et al. (2008) 0.1 9MPa 17,200
F732-00 allowing for a range from 25% to 100% (American Society for Testing
and Materials, 2006). The ISO standard also suggests, but does not require a
minimum protein mass concentration of 17g/l, this is due to the increasing wear
that has been observed with increased protein concentration (Wang et al., 1999b).
Full simulation of a joint is time consuming and prohibitive in most cases. Early
trials can use pin on disc techniques, which are cheaper and faster than full
simulation while still producing wear and tribological data.
The contact pressure, speed and sliding path between pin and disc can all be
varied; it is also possible for the pin to oscillate against the disc. These parameters
vary largely between dierent studies (Table 7.1).
The inuence of these parameters on the wear factor varies, load and distance
of travel having the largest impact, this is reected in the Lancaster equation
(Lancaster, 1973) which states: V = kLx where V is the volume of wear, x is the
sliding distance and k is the wear factor.
The Lancaster equation does not consider other factors such as sliding velocity
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and contact stress although their contribution to the wear is debated. Sliding
velocity has been considered in work by Fisher et al. (1994), who demonstrated
that when varying the velocity from 0.035 to 0.240ms 1 there was no signicant
dierence between wear rates. Other elds, which have used pin on disc meth-
ods have found that varying speeds does have an eect on wear (Ravikiran and
Surappa, 1997; Gomes et al., 2001) however, these studies are not representative
of parameters used in orthopaedics, having dierent speeds, lubricating regimes,
temperatures and other factors which will confound the inuence of sliding speed.
The eect of contact stress is a more contentious issue. Rose et al. (1983); Barbour
et al. (1995); Mazzucco and Spector (2003); Vassiliou and Unsworth (2004) and
Saikko (2006) have all considered the eect. Barbour et al. (1995); Vassiliou and
Unsworth (2004) and Saikko (2006) all found that as contact stress increases the
wear factor decreases and that the eect is more pronounced when the stress
is lower - if the stress is high, increasing it further will have less of an eect.
This does not correlate with results published by Mazzucco and Spector (2003)
who found that neither the load or the stress had an impact on the wear rate,
instead their data suggested that the contact area impacted the wear rate. Rose
et al. (1983) also found only the load impacted the wear rate, as suggested by the
Lancaster equation. It is not clear why these studies are not in agreement; the
area requires further study before an understanding of the mechanisms involved
can be reached.
The track which the pin follows on the disc is also of importance, particularly
when investigating UHMWPE (Bragdon et al., 1996; Wang et al., 1996; Saikko,
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Figure 7.1: Drawing of poorly aligned pin geometries
1998); the wear of UHMWPE when tested using a unidirectional pin on disc
method exhibits a level of wear orders of magnitude lower than that seen in vivo.
This is because the material undergoes strain hardening in the direction of load-
ing as the polymer chains realign (Wang et al., 1997). Multidirectional pin on
disc methods cause the UHMWPE to undergo strain softening and consequently
produce more realistic wear levels (Joyce et al., 2000; Saikko, 1998). A similar
eect is seen when testing metal on metal combinations, pin on disc studies have
shown an increase in wear with unidirectional tracks as opposed to multidirec-
tional tracks (Tipper et al., 1999; Scholes and Unsworth, 2001); it is thought that
the multidirectional sliding polishes the components thereby reducing wear.
In addition to the parameters such as load, pressure, speed and time, as well as
the wear track; pin on disc test conguration geometries can also vary: loads can
be applied through a rounded end onto a at disc or a at pin onto a disc (Figure
7.1). The rounded contact is most forgiving to any misalignment although the
contact area will progressively increase as wear occurs (Garcia-Prieto et al., 2004;
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Besong et al., 2001). The at pin will present a constant contact area as it wears,
although in the event of any misalignment there will be an increase in contact
pressure and uneven wear. This is particularly problematic for coated materials
as the pressure could damage the coating and cause early failure (Besong et al.,
2001).
Studies attempt to use parameters which obtain wear rates which correlate with
those found in-vivo. This is possible for standard orthopaedic materials such
as UHMWPE, steel, CoCr and titanium alloys which have a wealth of in-vivo
data available, but innovative materials pose a problem; particularly coatings,
for which the author has been unable to obtain any quantitative in-vivo wear
data from literature.
Wear factors relating to DLC coatings deposited for an orthopaedic application
are predominantly from pin on disc studies as opposed to wear simulators. Sheeja
et al. (2004) have examined the wear of DLC coatings deposited on CoCr sliding
against similarly coated CoCr using unidirectional pin on disc tests and report a
wear factor of between 6.8￿10 17m3/Nm and 2.59￿10 18m3/Nm. Platon et al.
(2001) also use unidirectional pin on disc to report wear factors an order of
magnitude lower than Sheeja et al. (2004), 3.7￿10 19m3/Nm for DLC coated
stainless steel components and 8.5￿10 19m3/Nm for DLC coated titanium alloy
components. Tiainen (2001) reports wear factors of less than 1￿10 16m3/Nm for
CoCr coated with DLC sliding against similarly coated CoCr.
Osterle et al. (2008) have used a reciprocating pin on disc method which recorded
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a larger wear for DLC coatings on Ti6Al4V, they investigated amorphous carbons,
hydrogenated amorphous carbons and TiN obtaining wear factors of 8.4￿10 17-
1.2￿10 16m3/Nm, 0.8-4.3￿10 16m3/Nm and 2.4￿10 15m3/Nm respectively. This
study was carried out using a droplet of water for lubrication which was refreshed
every 12 hours. Osterle et al. (2008) acknowledge that bovine serum was not used
and this could have an impact on the wear rate however, they do not consider
that a single droplet as opposed to full immersion may also have an impact; this
may have aected the result for the hydrogenated carbon coating as others (Field
et al., 2004; Meunier et al., 2005) report that hydrogenated DLC lms do not
perform as well as unhydrogenated carbon lms under wet conditions. Another
reciprocating pin on disc study has been carried out by Williams et al. (2003)
who report a wear factor of approximately 8￿10 15m3/Nm for TiN coated CoCr
components.
In this chapter the wear of coatings deposited for this study is discussed, having
been determined using a pin on disc method.
7.2 Method
7.2.1 Pin on Disc Conguration
The pin on disc test device used was the Teer Coatings Ltd POD-2 test device
(Figure 7.2). The device is limited to producing unidirectional motion by rotating
the disc underneath a static pin.
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Figure 7.2: Schematic of Teer Coatings Ltd. pin on disc tester
The armature (Figure 7.2) loads the pin onto the disc. By osetting the armature
so that the pin is not central to the disc a circular wear track will be formed. The
friction between the disc and pin generates a tangential force in the armature
which rests against a secured force transducer. The transducer is linked to a
computer which records the force. Because the applied load is known it is possible
to calculate the friction.
The Teer Coatings Ltd. POD-2 is congured to use a spherical contact from a ball
bearing however, they are dicult to obtain if made from orthopaedic materials.
To obtain a spherical contact a pin with a hemispherical end is easier to produce.
The pin could be re-machined and polished however, this would take time; destroy
any previous wear scars thereby preventing further investigation and would make
the pin shorter which, due to the design of the pin on disc device, would alter the
loading.
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Figure 7.3: Orthographic projection of double radius \pin" (not to scale)
The edge of a disc can be used as the pin to obtain the required spherical contact,
by machining a second radius onto the edge. By introducing a second radius to
the edge of the disc it is possible to remove the risk of an edge contact (Figure
7.3). If the edge radius and disc edge are equal it would result in a spherical
contact. By increasing or decreasing the edge radius, dierent contact pressures
can be achieved although the contact is no longer spherical in nature.
For clarication, throughout this study, this \disc edge pin" will be referred to
as the \pin"; the pin edge radius and disc radius are shown in Figure 7.3.
The pins used in this study had a disc radius of 14.5mm, constrained by material
supply and ability to modify the test machine to accommodate a larger pin; the
edge radius was decided to be 29mm (Figure 7.3). A larger edge radius is more
prone to form error during machining due to the increased tolerance required.
Form error being the deviation best t radius arc.
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7.2.2 Disc Manufacture
The discs used for all testing in this thesis were made from either CoCr or
UHMWPE. The discs of CoCr were cut with a 4mm thickness using wire electro-
discharge machining from a single 29mm diameter bar of CoCr supplied by Firth
Rixon Ltd (2005); the bar conformed to ASTM F75 (American Society for Test-
ing and Materials, 2007), a low carbon, cast composition. The surface nish
of the CoCr disc was reduced to between 4 and 10nm Ra by lapping. Discs of
UHMWPE were cut to the same thickness from a bar 45mm in diameter by Per-
plas Ltd (2005); the parts had an average surface nish of 0.29m Ra, within the
2m Ra specied by ISO7206-2 (Technical Committee ISO/TC 150, Subcommit-
tee 4, 1996).
These roughness, and all future roughness measurements, were made using a
contact prolometry technique. By drawing a stylus over the surface of a material,
it is possible to measure the surface roughness and form. The vertical deection,
as it is drawn across the surface can be recorded with a resolution of up to 1nm.
Contact prolometry is more suited to 2D datasets as the stylus only has to pass
over the sample once. It is possible to build 3D datasets by passing the stylus
over the sample multiple times, osetting each new pass, however this is extremely
time consuming and more suited to interferometric techniques described and used
later in this study (Section 7.2.5).
The primary advantage of contact techniques over white-light interferometry is
the large scan size. Laterally this is can be in the region of 100mm and verti-
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cal upward of 10mm compared to approximately 5mm lateral and sub millime-
tre vertical ranges for an interferometer. When measuring form and roughness,
particularly on femoral head, the range available with the contact prolometry
technique can be useful.
The prolometer used in this study was a Form Talysurf PGI 1200 manufactured
by Taylor Hobson Ltd.
7.2.3 Pin Manufacture
Pins used in testing were manufactured from CoCr. They were cut from the same
bar as the discs (Section 7.2.2), to the same dimensions. The pin was given it's
edge radius by turning on a lathe using a forming tool; this obtained an average
surface nish of 0.317m Ra (standard deviation 0.068) and radius of 28.560mm
(standard deviation 4.669).
Polishing was carried out using a 7 axis CNC Zeeko Ltd polishing machine. The
Zeeko machine was able to maintain the radius giving repeatable form and surface
nish. A Polishing pad of 12cm diameter was rotated in the F axis (Figure 7.4)
and was able to move in the x, y and z axes, the pin to be polished was positioned
at the virtual pivot point of the A, B and C axes.
During the polishing process, axis A was rocked through the arc of the pin edge
radius while axis B was held in the position shown in Figure 7.4; this maintained
the disc edge radius. It also required that the z axis be varied to maintain the
distance of the polishing pad from the disc edge being polished; therefore because
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Figure 7.4: The 7 axes of the Zeeko CNC polishing machine
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axis A was driven, z had to be calculated using Equation 7.1 . The derivation
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Rd = disc radius; Re = radius at edge;  = angle (radians) oset (7.1)
17 pins were polished using grit papers and diamond paste. When the polishing
medium was changed the surface roughness and form was measured using a Taylor
Hobson Form Talysurf PGI 1200. Realignment of the sample after measurement
was not a critical factor. The initial surface roughness from turning of the lathe
was 317nm (standard deviation 4nm) with a form of 28.56mm (standard deviation
3.41) and form error of 0.66m (SD 0.32m) . Initially 400 grit SiC paper was used
followed by 600, 1,500 grit and nally 6m diamond paste, which progressively
improved the surface roughness (Figure 7.5). This achieved an average surface
nish of 14nm (standard deviation 4nm), form of 30.58mm (standard deviation
4.88mm) and form error not exceeding 1m with an average of 0.31m (SD
0.27m).
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Figure 7.5: An example of the progressive improvement of surface nish on CoCr
disc edges during polishing
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7.2.4 Pin on Disc Testing Parameters
The testing was separated into two groups dependent on the substrate the coating
had been applied to - either CoCr or UHMWPE. The tests were carried out in 25%
bovine serum although protein concentration was not measured as it was believed
that due to the loads being used, a boundary lubrication regime would be present;
controlling the protein concentration would not aect this case because the load
was the dominant factor. The linear velocity was chosen to be 100mms 1, similar
speeds have been used by Platon et al. (2001); Hoseini et al. (2008); Serra et al.
(2002) which ranged from 100-1000mms 1.
A load of 20N was applied which results in a mean contact pressure of 370MPa,
peak 560MPa, for CoCr-CoCr contact and 30-40MPa for CoCr-UHMWPE con-
tact. These values are higher than those used in studies utilising a at pin, such as
Saikko (1998); Joyce et al. (2000) who used pressures of 10MPa and 2.04MPa re-
spectively (Table 7.1); studies using spherical contacts however are closer, Platon
et al. (2001) obtaining pressures of 181-668MPa for MOM contacts and 12-23MPa
for POM contacts. Serra et al. (2002) also tested with mean contact pressures
ranging from 1.05-1.26GPa.
7.2.4.1 CoCr Substrates
A CoCr pin, coated with one of the coatings described in Chapter 3, Table 3.8 was
tested while sliding against both an identically coated CoCr disc, or an uncoated
CoCr disc (Table 7.2).
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Table 7.2: CoCr substrates test matrix
Pin Coating (Sample number)







The tests were run for 1 hour which resulted in travelling distance of 360m. This
is shorter than other tests, Platon et al. (2001); Gispert et al. (2006) having used
a sliding distance of 1,000m and 1,080m respectively, other longer tests by Saikko
(1998); Joyce et al. (2000) have been run for 60,000m and 172,400m respectively.
The longer tests take into consideration the fact that MOM contacts have higher
rates of wear during the rst 500,000 cycles (Medley et al., 1996; Scholes et al.,
2001; Streicher et al., 1996), which is known as \run-in wear", after this period the
wear reduces to a steady state. To reach this number of cycles using parameters
here, each test would take 3 days.
These tests along with those of Platon et al. (2001); Gispert et al. (2006) do not
reach the point of steady state wear and will therefore overestimate the wear for
the metal on metal contacts. Considering that the tests will not exceed 500,000
cycles, it is necessary to run them only as long as is necessary to measure the wear,
in the case of the CoCr substrates this will be measured from the pin (Section
7.2.5) and not from the plates. Because wear on the plates is spread over a larger
area, a more signicant depth change has to occur to be measurable; this makes
the test prohibitively long.
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Each pin and disc combination was tested 3 times with a dierent disc and with
an unworn area of the pin.
7.2.4.2 UHMWPE Substrates
The Graphit-iCTM coated UHMWPE discs (Samples A-E) were tested against
both a Graphit-iCTM (Sample 2) coated CoCr pin and an uncoated CoCr pin
(Table 7.3).
Table 7.3: UHMWPE substrates test matrix
Pin Coating (Sample number)






The wear was measured from both the pin and the disc using techniques described
in Sections 7.2.5 and 7.2.6 respectively. The pin on disc test for this group lasted
for 3 hours and resulted in a sliding distance of 900m. This is also shorter than
other published work, but in the case of POM combinations there is no initial
run in wear.
Each pin and disc combination was tested 3 times with a dierent disc and with
an unworn area of the pin.
7.2.5 Measuring Pin Wear
The wear scar which formed on the pin is elliptical (Figure 7.6). Wear was
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Figure 7.6: CAD image illustrating typical location of wear scar
calculated from the pin by examination under an optical microscope (10x magni-
cation). The wear scar (Figure 7.7) diameter was measured so that volume loss
could be calculated using Equation 7.2. The derivation of the equation can be











e   (x + (Re   Rd))2dx (7.2)
Rd = disc radius (Figure 7.3) ,
Re = disc edge radius (Figure 7.3),
x = radius of scar with respect to disc \edge" radius
To conrm the technique 6 of the pin on disc wear tests were also measured
using white-light interferometry so that a comparison of the two techniques could
be made. White-light optical interferometry can give sub-nanometre vertical
resolution over a two dimensional surface. Interferometry typically uses a single
light source which is split into two beams (Figure 7.8). One beam path is to the
sample and reects back to a camera. Simultaneously the second path is directed
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Figure 7.7: Typical wear scar on pin after pin on disc testing
to the same camera, but avoiding the sample. The camera combines the beams;
any dierence in path length causes a phase dierence to be detected. The phase
dierence can be measured and used to identify the dierence in path lengths.
The interferometer used in this study was a Talysurf CCI 6000, manufactured by
Talyor Hobson, UK.
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Figure 7.8: White-light interferometer
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Figure 7.9: Scan of worn pin surface
A typical interferometric image of the wear scar can be seen in Figure 7.9; this
illustrates the x y position in space and z position by colour. The equipment is
able to remove the form from the scan (Figure 7.10). In eect this attens out
the disc and causes the wear scar to appear as a dip in the surface, this can be
seen more clearly in a 3D representation (Figure 7.11). Once the form has been
removed the volume of the hole can be calculated.
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Figure 7.10: Form removal of worn pin
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Figure 7.11: 3D representation of pin with form removed
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Figure 7.12: Diagram of disc wear track
A paired t-test was used to compare the wear calculated from the optical mi-
croscope measurements (4.45￿10 5mm3, standard deviation 3.21￿10 5) and the
wear calculated using the interferometer (3.17￿10 5mm3, standard deviation
2.24￿10 5). It was found that the values were not signicantly dierent (p>0.05),
thereby validating the use of optical measurement.
7.2.6 Measuring Disc Wear
The volume of wear from the wear track can be calculated by measuring the cross
sectional area of the wear track and multiplying by track length (Figure 7.12).
The cross section can be approximated to be triangular and the area being the
half the track width multiplied by the deepest part of the wear track (Stallard,
2005).
Measurement of the track depth can typically be measured using a optical mi-
croscope, however in this case there were two problems with this method: the
wear was too small to measure a change, but more signicantly there was a high
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risk that the substrate would deform underneath the coating and therefore the
measurement would include the deformation as wear. Consequently it was neces-
sary to measure the thickness of the coating as opposed to the depth of the wear
track. This was achieved by Rutherford Backscattering (RBS).
RBS obtains a spectrum by accelerating a positive ion, typically an alpha particle,
at the material to be analysed. If it passes close to the nucleus of a substrate
atom it will be deected and backscattered. Detection and measurement of the
energy of this backscattered ion at a given angle can be used to determine the
atom that caused the backscatter and the depth within the sample.
At it's most simplistic an incident ion will be backscattered by a single substrate
atom and be measured by the detector, the energy of the scattered ion can be
related to the other factors by Equation 7.3 (M1 = Mass of incident ion; M2 =



















As the ion penetrates into the substrate it becomes more probable that any
backscattered ion will be involved in additional collisions within the substrate, this
is illustrated in Figure 7.13. Each collision decreases the energy of the backscat-
tered ion, therefore a range of energies will be detected; decreasing from the
maximum energy that is detected when there is only one collision; the range of
energies is a function of the material thickness. The material density can also be
calculated from the number of backscattered ions detected.
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Figure 7.13: Backscattering of He2+
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Samples that contain multiple elements complicate analysis. The range of ener-
gies acquired from specic elements can superimpose making direct interpretation
of the data impossible. Assumptions have to be made about the composition of
the material to characterise the substrate. These assumptions are then used to
mathematically model the RBS spectra, from the computational model the as-
sumptions are rened in an iterative cycle until the measured spectra and the
computed spectra match. Despite the diculties in interpreting data the tech-
nique is extremely powerful, able to carry out depth proling non destructively.
RBS analysis used in this thesis was carried out at the Ion Beam Centre, Univer-
sity of Surrey, UK (2007). A Helium beam energy of 3,115KeV was obtained with
a current of less than 20nA and a beam diameter of 1mm. Calibration was carried
out using an Au/Ni/SiO2/Si sample described in Jeynes et al. (1998). Analysis
was carried out using datafurnace software developed at the University of Surrey
which has been discussed and validated in Barradas et al. (2007); Jeynes et al.
(2006); Boudreault et al. (2002). For the analysis the samples were approximated
to 3 discrete layers; a top layer of carbon followed by a layer of chromium and
lastly carbon (RBS is unable to detect hydrogen).
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From the group of MOM tests, it was necessary to stop testing the 80V bias
(Sample 3) coating when sliding against an uncoated CoCr disc because of risk
of damage to the testing equipment, as the equipment was vibrating.
It was also not possible to measure the wear from any of the 40V bias (Sample 1)
coated pins. This was due to a deposit building up on the surface of the coating
during all of the tests; eorts to remove the deposit by cleaning with acetone were
unsuccessful; additional pin on disc tests were carried out for 3 hours in order
to determine wear, but the deposit remained and no wear scar was evident. The
deposit can be seen in Figure 7.14.
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X-ray photoelectron spectroscopy (XPS) analysis of the deposit was carried out to
identify the elements within it; a breakdown of the atomic concentrations in the
deposit and the coating in the immediate area can be seen in Table 7.4. Spectra
from the XPS analysis can be seen in Appendix D.
Table 7.4: Atomic concentrations of a deposit on 40V bias carbon coating, deter-
mined by XPS












When sliding against an identically coated disc, the 60 to 40V transition bias
coating (Sample 4) followed by Teer Coatings Ltd.'s Graphit-iCTM coating (Sam-
ple 2) had the lowest wear factor (3.65￿10 18m3/Nm and 6.43￿10 18m3/Nm
respectively). When the CoCr disc remained uncoated, the Graphit-iCTM coat-
ing produced the lowest wear with 9.21￿10 18m3/Nm followed by the 60 to 40V
coating with 1.73￿10 17m3/Nm (Figures 7.15 and 7.16).
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Figure 7.15: POD wear factor of a coated pin against a coated CoCr disc
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Figure 7.16: POD wear factor of a coated pin against an uncoated CoCr disc
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With the exception of the CoCr interlayer coating (Sample 5); the coating wear
on the pin was lower when the disc was also coated (Table 7.5).
The pin wear between coatings is statistically dierent (ANOVA p<0.05), the
mean wear is detailed in Table 7.5.
Table 7.5: Wear of amorphous carbon coated CoCr from pin on disc tests
Wear factor (￿10 18m3/Nm)










None not tested ￿ n/a







￿Testing stopped due to risk of damage to equipment
It should be noted that the coating was worn through to the substrate in the case
of the CoCr interlayer coating when sliding against uncoated and coating discs
(Figure 7.17). The 80V bias coating sliding against a coated substrate (Figure
7.18) also wore through to the substrate. Wear factors can be calculated from
these scars, however they do not reect the wear factor of the coating itself as
the wear properties of the substrate start to have an eect as soon as the coating
is worn through.
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Figure 7.17: Disc edge wear scar of an amorphous carbon coating with a CoCr
interlayer
Figure 7.18: Disc edge wear scar of an 80V bias amorphous carbon coating
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Figure 7.19: Disc edge wear scar of a Graphit-iCTM coating
Figure 7.20: Disc edge wear scar of a 60 to 40V transition bias amorphous carbon
coating
Smaller wear scars, reecting the smaller amount of wear can be seen for the
Graphit-iCTM coating and the 60 to 40V transition bias coating were observed
(Figures 7.19 and 7.20); evidence of a transfer layer can be seen in these two
cases.
Figures 7.17 to 7.20 all show the pin wear scar when tested against a coated disc,
similar images were observed when the disc was uncoated; with the exception
of the CoCr interlayer coating which formed an irregular scar on the disc edge
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Figure 7.21: Irregular pin wear scar of an amorphous carbon coating with a CoCr
interlayer sliding against an uncoated CoCr disc
(Figure 7.21).
7.3.1.2 Friction
Statistical analysis of the friction of the coatings deposited onto CoCr suggest
that there is not statistical dierence arising from the surface coating, or whether
just one, or both of the components is coated (ANOVA P>0.05). The friction
coecient measured ranged between 0.12-0.18 when a coated disc was sliding
against an uncoated CoCr pin, while it ranged between 0.14-0.19 when both the
pin and disc were coated. This compares to 0.25 (standard deviation 0.024) for
an uncoated CoCr pin and disc (Figure 7.22, Table 7.6). Application of a coating
to one or both of the components resulted in a signicant dierence from when
the components were both uncoated (p<0.05).
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Figure 7.22: Friction coecient of coated pins sliding against a CoCr disc
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Table 7.6: Friction data from pin on disc tested amorphous carbon coatings on
CoCr
Friction Coecient



















The wear factors of all the tested combinations is detailed in Table 7.7. The ion
implantation of the UHMWPE discs did not have any statistical dierence in
wear of the CoCr pins (p>0.05), their wear factor ranging from 1.18￿10 16 to
1.38￿10 15m3/Nm when they were coated with Graphit-iCTM and from 1.07￿10 15
to 1.25￿10 15m3/Nm when the pin was uncoated. There was a statistical dier-
ence in means between the wear of the coated and uncoated pins (p<0.05); this
is illustrated in Figure 7.23.
It was not possible to accurately determine the wear of the coatings deposited onto
any of the UHMWPE discs. The wear was too small to measure as the resolution
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Figure 7.23: Wear factor of a CoCr counter-face pin when sliding against nitrogen
implanted UHMWPE with a carbon coating
Table 7.7: Wear factor of a CoCr counter-face pin when sliding against nitrogen












A 306 18.4 1,070 226
B 118 167 1,190 90.3
C 370 51.5 1,010 419
D 423 96.2 1,200 419
E 1,380 1,700 1,250 582
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of the RBS measurement technique was not high enough to dierentiate a change
in thickness of the coating on the wear track and o the track.
The resolution of the RBS technique was calculated to be 24nm. The tting of
the analysis curve is the limiting factor in this technique, it is from this that the
error was calculated. The sample with the best analytical t was used and the
dierence in thickness of the chromium layer both on and o the wear track was
used as a point of reference. Because the measured points are on the same disc,
in close proximity it can be assumed the chromium layer thickness is identical
at each measured point. A dierence of 1.6% was measured, 380nm o the
wear track and 374nm on the wear track; this can be attributed to error in the
analysis. The thickness of the carbon layer on this sample was calculated to be
1,505nm; assuming the worst case error (1.6% as previously stated), wear could
amount to 24nm and not be measurable. This would account for a factor of
9.6￿10 17m3/Nm.
7.3.2.2 Friction
Similar to the coatings deposited onto CoCr substrates, the coatings deposited
onto UHMWPE substrates failed to show any signicant dierence in friction re-
sulting from the surface modication (ANOVA p>0.05). There was however sig-
nicant dierence in friction when comparing coated pins (0.15-0.20) against un-
coated pins sliding against the coated UHMWPE substrate (0.27-0.32) (p<0.05).
In addition, application of a coating to the UHMWPE substrate in an UHMWPE-
CoCr couple results in a statistically signicant increase in friction (p<0.05); when
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tested uncoated samples had a friction value of 0.07 (standard deviation 0.01).
Figure 7.24: Pin on disc friction coecient during testing of ion implanted
UHMWPE with a CoCr counter-face pin
Table 7.8: Friction from pin on disc tested ion implanted UHMWPE
Friction Coecient




Coated CoCr 0.15 0.01
CoCr 0.32 0.03
B
Coated CoCr 0.18 0.02
CoCr 0.30 0.01
C
Coated CoCr 0.17 0.00
CoCr 0.32 0.01
D
Coated CoCr 0.20 0.01
CoCr 0.27 0.01
E
Coated CoCr 0.15 0.00
CoCr 0.31 0.02
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7.4 Discussion
In addition to the testing of coated components, uncoated CoCr was tested
for wear performance while sliding against another uncoated CoCr component.
These tests produced a wear factor of 3.53￿10 15m3/Nm (standard deviation
1.04￿10 15). Scholes and Unsworth (2001) report wear factors of low carbon
CoCr with linear sliding to be 1.9￿10 15m3/Nm for the pin and 4.5￿10 15m3/Nm
for the disc.
Although it was found that the CoCr interlayer coating has superior adhesion over
that of the other coatings (Chapter 5) and that it had the best impact resistance
and toughness (Chapter 6), its wear performance is by far the worst, achieving
a wear factor of only 2.56￿10 16 and 1.49￿10 16m3/Nm when sliding against a
coated and uncoated discs respectively. In both cases the coating failed and wore
through to the substrate, therefore leading to this wear factor being a composite
of the coating wear factor and the wear factor of CoCr. Examination of the wear
scar shows an irregular and scored scar which is suggestive of third body wear.
The nding in Chapter 4 that this coating increased in hardness after a depth of
150nm to a level greater than any of the others would suggest that the coating
debris is the cause. Also contributory to the high wear is the lack of transfer
layer, which is known to be one of the reasons why Graphit-iCTM type coatings
have a low wear rate(Erdemir et al., 1995; Camino et al., 1999).
The 40V bias coating however had unmeasurable wear due to a deposit forming
on the surface at location where the wear scar is expected (Figure 7.25). The
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Figure 7.25: Confocal image of deposit on 40V bias coating. A surface deposit
can be seen on the left
deposit is too extensive to have formed from the coating and so cannot be a
transfer layer. It has most likely formed from the bovine serum and bonded onto
the coating surface, this assumption is supported by the XPS analysis which
found elements typically found in organic material in the deposit but not on the
surrounding coating. It is not clear what caused or enabled the formation of this
layer; if the bias voltage was the cause then a similar deposit should have been
observed on the transition bias layer coating which had a 40V bias top layer,
however this was not the case.
It is not possible to state that there was no wear on the 40V bias coating as it
was not possible to remove the deposit, however there is a possibility that the
layer acted as a protective layer and prevented, or at least reduced the coating
wear.
Application of the coating to CoCr did not just reduce the wear when tested
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against another CoCr substrate, wear was also reduced in the CoCr when sliding
against a UHMWPE substrate, but it was unfortunate that the wear factor of
the coated UHMWPE could not be accurately determined due to the insucient
resolution of the analysis technique. The resolution was limited primarily by the
poor tting of the curve to the collected data. Visual inspection of the curves
does not indicate any wear in the track. Calculation of the resolution of the
technique indicates that if wear had been measurable then it would have been
at least 9.6￿10 17m3/Nm, this is an order of magnitude lower than the wear
factors reported in the literature. Pin on disc testing by Saikko et al. (2001a)
and Chanda et al. (1997) obtained wear factors of 0.29-1.27￿10 15m3/Nm and
3.1-5.5￿10 16m3/Nm respectively. This compares with a simulator study on the
wear of UHMWPE which calculates the wear factor to be 1.51-1.80￿10 15m3/Nm
(Saikko and Ahlroos, 1999). These wear factors would account for a track depth
of 85-500nm and would be easily measured. By running the tests for longer wear
would have been increased and may have been measurable. In this study the tests
were run for three hours, unfortunately limited access to the equipment prevented
tests being run for longer.
Friction readings for the uncoated CoCr MOM tests (0.25) and uncoated POM
tests (0.07) are at the higher end of ranges quoted for similar tests in the literature
(Scholes et al., 2000; Hall et al., 1994; Unsworth, 1978). The testing used here
has not attempted to replicate the environment of the hip joint; the loading
is not dynamic and the speeds are not representative. In addition due to the
contact pressures and speeds involved, there will be a boundary lubricating regime
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during the test; the lubricating regime in hip joints has been shown to be a mixed
regime (Unsworth, 1978) with some tests of large diameter resurfacing joints uid
suggesting that lm lubrication may be possible (Vassiliou et al., 2006).
As detailed in Section 2.3.3, Charnley was concerned that the friction of a joint
contributed to loosening. Hall et al. (1997, 1994) have since suggested that this
may not be entirely the case; they found that there was little evidence of raised
friction in the Charnley implant contributing to the loosening of joints however.
Although, they suggest that further investigation is necessary as it is not clear
the role of the thick walled socket which could be reducing the frictional torque
at the bone interface.
It is benecial that deposition of the coatings on CoCr in MOM joints reduces
the friction, however it is a concern that the friction increased when coatings
were deposited onto UHMWPE. Friction coecients when only the UHMWPE
is coated and the CoCr pin is uncoated are above levels typically seen in any
hip joint material combination; when both components are coated the friction
reduces to levels similar to those seen in MOM joints.
7.5 Summary
This chapter has described the wear and friction performance of the coatings
deposited for this study. The pin on disc technique used here established that
when deposited onto CoCr the coatings reduce the wear factors by orders of
143Coating Wear and Friction
magnitude over that of uncoated CoCr as well as the friction. When tested using
components that were both coated, the wear was reduced further still.
It was also found that there was signicant dierence between the deposited
coatings. Despite having stronger adhesion than other coatings (Chapter 5) the
CoCr interlayer coating had the highest rate of wear. It was suspected that the
40V coating had no wear due to a surface deposit that formed during the tested
which provided a protective layer.
It was not possible to measure the wear of coatings deposited onto UHMWPE,
however the resolution of the technique used to measure the wear was 24nm,
which equates to a wear factor of 9.6￿10 17m3/Nm. The deposition of Graphit-
iCTM onto ion implanted UHMWPE resulted in a change in friction over an
uncoated POM combination although in this case the result was increased friction.
Modication of the UHMWPE by ion implantation had no aect when compared
with unmodied coated UHMWPE. This increased friction was less pronounced
when both the CoCr and UHMWPE were coated with Graphit-iCTM.
1448. Conclusions
It was hypothesised that the application of amorphous carbon coatings, to or-
thopaedic materials, could reduce the level of wear and therefore extend the life
of hip joints replacements that had been implanted into patients.
It was found in the literature that the primarily cause of failure was due to aseptic
loosening; an event which can be caused by osteolysis, an immunological condition
caused by the presence of wear particles.
To date, use of surface coatings to reduce the wear of hip joint prosthesis is limited;
where surface coatings are used the most common is TiN. Use of amorphous
carbon coatings in the eld have not been reported on extensively; papers which
refer to carbon coatings typically refer to DLC coatings which have signicantly
higher sp3 ratios. Only two publications have been found describing the in vivo
performance of a DLC joint (Taeger et al., 2003; Joyce, 2007). Little information
is available on these coatings, such as their sp3 ratios, additional metal elements
included in the coating structure and interlayers or gradient layers.
Of work reported on from in-vitro studies, coatings are typically deposited onto
metal components; deposition onto UHMWPE, a material which wears signi-
cantly more than metals, is not discussed; only a single publication describing the
deposition of a DLC onto UHMWPE for in-vitro testing could be found (Sheeja
et al., 2005).
Of papers which have been published on TiN and DLC coatings deposited onto
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hip joint prostheses or other orthopaedic implants, it is frequently reported that
coating adhesion is a problem.
An amorphous carbon coating, Graphit-iCTM, has been developed by Teer Coat-
ings Ltd. coatings which has been demonstrated to have low wear and friction
properties as well as good adhesion (Camino et al., 1999) in various environments
(Stallard et al., 2004) and applications (Coldwell et al., 2004). It was thought
that the coating would have the potential to perform well in an orthopaedic ap-
plication.
Variations on the Graphit-iCTM coating were deposited onto CoCr substrates; in
light of reviewing the literature, attempts were made to improve adhesion of the
coating to the substrate, this was through varying the deposition process bias;
introducing graduations within the coating and by using a CoCr interlayer.
A Graphit-iCTM type coating was also deposited onto UHMWPE. It was a concern
that depositing a hard coating onto a substrate would cause adhesion problems
because of the dierence in hardness, nitrogen ion implantation was therefore
used to harden the substrate.
Subsequent to deposition the coatings were characterised for hardness, adhesion,
toughness, fatigue, wear and friction.
It was found that ion implantation led to a reduction in coating hardness; the
nitrogen ion bombardment disrupted the polymer chains and softened the poly-
meric structure from an unimplanted nano-hardness of 0.26GPa to 0.13GPa when
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nitrogen implanted at 15KeV and a dose of 1￿1015particles/cm2. Despite this,
adhesion of the coatings was similar to the unmodied UHMWPE. Application of
a 50nm layer of chromium prior to ion implantation did not have a positive eect
on adhesion. It is thought that the subsequent implantation not only weakened
the underlying polymer, but also bonded with the chromium layer to form a hard
layer of chromium nitride. This caused a larger hardness dierential which had
a negative eect on coating adhesion.
Despite the ndings regarding adhesion and hardness of the coating onto UHMWPE,
wear was found to be unmeasurable following pin on disc testing. The RBS tech-
nique used was calculated to have a resolution of 9.6￿10 17m3/Nm; this is an
order of magnitude better than published wear factors for uncoated UHMWPE.
It was noticed during the scratch testing that there was crazing on the coatings
deposited onto UHMWPE, suggestive of cohesive failure. It is thought that this
enabled the coating to deform with the substrate and not fail adhesively.
Modication of the coating was investigated to improve performance over Graphit-
iCTM when deposited onto CoCr. The literature identies intrinsic stresses as a
signicant factor in a coatings adhesion and that the stresses can be reduced by
the use of gradient coatings and lower deposition energies. Scratch testing found
that the lower 40V bias voltage of Sample 1 led to an improved adhesion over that
of Graphit-iCTM which was deposited at 60V. It was also found that the use of
a CoCr interlayer (Sample 5) led to better adhesion. The use of a gradient coat-
ing (Sample 4) with a varying bias led to reduced adhesion performance. nano
impact testing also identied the 40V bias and CoCr interlayer coating as having
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the best impact resistance relative to the other coatings that were modied. The
80V bias coating had the lowest adhesion and impact resistance compared to the
other coatings deposited.
Although the CoCr interlayer coating had good adhesion, it performed the worst
when tested for wear resistance. Examination of the wear scar led to the conclu-
sion that the coating was susceptible to third body wear. This was attributed to
the hardness of the coating, which increased with depth. The 40V bias coating
had an unmeasurable rate of wear due to a deposit from the bovine serum lubri-
cant developing at the wear point. It is unclear what caused this deposit to form
and it was noted that the 60 to 40V transition bias coating (Sample 4), which had
a similar 40V bias surface layer did not have a similar deposit. When comparing
all of the coatings relative to uncoated CoCr, the coating with the greatest wear
without failure was the Sample 4, the 60 to 40V transition bias, when sliding
against and uncoated CoCr; for this test a wear factor of 1.7￿10 17m3/Nm was
obtained. This is compared to uncoated CoCr which obtained a wear factor of
3.53￿10 15m3/Nm.
8.1 Original Contribution to the Body of Knowl-
edge
The following original contributions to the body of knowledge have been made
by this thesis.
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8.1.1 A Novel Pin on Disc Test Method
The addition of a second radius onto the edge of a disc has not previously been
reported, it has been presented at the Laser Metrology and Machine Performance
VIII conference (Appendix E.1.1). This method oered three benets over that
of the traditional pin on disc method.
1. By rotating the disc a new area could be presented for testing. This prevents
the need for re-machining of the pin and repolishing and re-coating of the
pin when stock is in short supply. Rotating the disc is quick and easy.
2. Use of the same disc for multiple runs improves consistency. There is less
variation in the coating and the form and roughness remain the same.
3. The second radius prevents edge contact between the pin and disc thereby
preventing high stress points and likely coating failure. By controlling the
radius dierent contact pressures can be achieved.
8.1.2 Deposition of Substrate Tailored Coatings for CoCr
Alloys
Amorphous carbon coatings were deposited onto CoCr and tested for suitability
in hip joint replacement applications. Based o of Graphit-iCTM, modications
were made to the coating bias and inter-layers to improve tribological perfor-
mance in a biological environment and to improve the coating adhesion to CoCr.
Application of these coatings has reduced the wear factor from 3.53￿10 15m3/Nm
149Conclusions
for uncoated CoCr to 1.7￿10 17m3/Nm. This is comparable to the wear factors
of other DLC coatings reported in the literature, but goes further to address the
adhesions issues reported with DLC coatings.
The coatings hardness, toughness, wear, friction and adhesion were characterised,
posters have been presented at the UK Society of Biomaterials 2006 (Appendix
E.2.2) and Materials Congress 2006 (Appendix E.2.1).
8.1.3 Deposition of Amorphous Carbon Coatings onto
UHMWPE for Orthopaedic Applications
An amorphous carbon coating was deposited onto UHMWPE to improve the wear
performance of hip joint replacements. The UHMWPE had been ion implanted
with nitrogen prior to coating deposition to improve adhesion characteristics.
This is the rst study to detail the tribological performance of coated UHMWPE
in an orthopaedic environment.
Attempts were made to determine the coating wear performance on the UHMWPE
substrates by RBS. This was in addition to friction performance, adhesion and
hardness of the coating. It was not possible to directly measure the wear of the
coated UHMWPE, however the resolution of the technique would suggest that
the wear factor was less than 9.6￿10 17m3/Nm. This compares favourably with
the wear factors of uncoated UHMWPE reported in the literature.
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8.2 Further Work
Wear testing in this study has been limited to a pin on disc method. It has
been identied from work in the literature that the method used is unlikely to
accurately replicate the hip joint environment and can only be used as a guide to
the potential of the coatings relative to each other. In order to fully determine
the potential of the coatings deposited it is necessary to use a wear simulator;
the wear of the coating will be determined and it will also be able to infer the
adhesion of the coating in an appropriate environment.
To improve upon the coating itself, it will be necessary to further investigate the
interface between coating and substrate. This study examined deposition onto
UHMWPE which is a particularly soft substrate in comparison to the metallic
CoCr. Surface modication will be necessary to achieve maximum performance.
By matching hardness at the interface and depositing a transition coating to
avoid a dierential at which stress concentrations can occur adhesion and wear
should be improved.
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184Appendix A: Process Parameters
This appendix details the penetration of nitrogen ion depth penetration through
UHMWPE with increasing implantation energy; as calculated using the SRIM
software written by Ziegler et al. (2008).































The Figures within this appendix are depth-load proles resulting from the nano-

















Figure B.1: Nano-indentation of coated CoCr to 30nm depth (Force scale mN)



















Figure B.3: Nano-indentation of coated CoCr to 90nm depth (Force scale mN)



















Figure B.5: Nano-indentation of coated CoCr to 150nm depth (Force scale mN)



















Figure B.7: Nano-indentation of coated CoCr to 210nm depth (Force scale mN)



















Figure B.9: Nano-indentation of coated CoCr to 270nm depth (Force scale mN)




Figure B.11: Depth-load nano-indentation graphs of ion implanted UHMWPE
192Appendix C: Equations
C.1 Coordinate Transfer Derivation
Figure C.1 illustrates the notation used for determining position in the z axis of
the point of the pin in contact with the polishing pad on the Zeeko CNC polishing
machine. When  = 0, z is equal to the disc radius; however as the disc is rotated
so that the disc edge can be polished z will change; therefore to maintain the same
contact with the polishing pad it must be moved closer. In order to calculate this,
z must be known.
From Figure C.1 the only values known are Rd (disc radius), Re (disc edge radius)
and  (the angle the disc is being held at). In order to illustrate the derivation a
formula for z with respect to these known values, the variables , ,  have been
arbitrarily named; they represent the various geometric features that are marked
in Figure C.1




(Rd   Re)2 + R2
e   2(Rd   Re)Re cos (C.2)
 =     (C.3)
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(Rd   Re)2 + R2
e   2(Rd   Re)Re cos(   ) (C.4)
















(Rd   Re)2 + R2





   (Re sin(   ))
p
(Rd   Re)2 + R2
e   (2(Rd   Re)Re cos(   ))
!!
(C.8)
C.2 Calculation of Wear Volume from Observa-
tion of an Elliptical Wear Scar
C.2.1 Equation
If the wear scar of a pin with two radii is examined, the shape observed will be
elliptical; the dimensions of the ellipse will be related to the two radii and the
quantity of wear. As the two radii are known, the depth of the wear scar can be
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Figure C.2: Multi-edge disc schematic
calculated and vice versa.
z = Rd  
q
R2
d   y2 (C.9)
z = Re  
p
R2
e   x2 (C.10)
Consequently, by knowing the depth of wear and the two radii, it will be possible
to calculate the area of the ellipse. To integrate from the wear depth through one
of the radii will result in a volume calculation. Therefore the following equations
stand (Figure C.2 illustrates the relationship between variables)
The area of an ellipse is dened by equation C.11 where A = area; x and y are
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the two ellipse radii:
A = xy (C.11)









e   (c + (Re   Rd))2 (C.13)




d   c2 (C.14)










e   (x + (Re   Rd))2dx (C.15)
C.2.2 Excel Macro
Equation C.15 can only be solved using numerical methods. In order to speed
calculation of the wear volume a Microsoft Excel macro was written to automat-
ically calculate the wear when the disc radii and wear scar diameter had been
input; this code was written by Burley (2006). The numerical method used to
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solve the equation is Romberg Integration (Hazewinkel, 2002)
Function Integrate(ByVal disc As Double, ByVal edge As Double,
ByVal y As Double, ByVal order As Integer) As Double
Dim a As Double
a = ( disc ^ 2 - ( y / 2) ^ 2) ^ 0.5
Integrate = ComputeT_l_k(order, 1, a, disc, disc, edge)
End Function
Function ComputeT_l_k(ByVal l As Integer, ByVal k As Integer,
ByVal a As Double, ByVal b As Double, ByVal disc As Double,
ByVal edge As Double) As Double
Dim h As Double
Dim working_l As Integer
Dim result As Double
Dim temp2 As Double
Dim j As Double
temp2 = 0
h = (b - a) / (2 ^ (k - 1))
If l = 1 Then
working_l = (2 ^ (k - 1)) - 1
result = f(a, disc, edge) + f(b, disc, edge)
For j = 1 To working_l
temp2 = temp2 + f(a + (j * h), disc, edge)
Next j
result = result + temp2 * 2
result = result * (h / 2)
Else
result = (4 ^ (l - 1)) *
ComputeT_l_k(l - 1, k + 1, a, b, disc, edge)
result = result - ComputeT_l_k(l - 1, k, a, b, disc, edge)





Public Function f(ByVal x As Double, ByVal disc As Double,
ByVal edge As Double) As Double
f = 3.14159265358979 * (disc ^ 2 - x ^ 2) ^ 0.5 *
(edge ^ 2 - (x + (edge - disc)) ^ 2) ^ 0.5
End Function
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199Appendix D: XPS spectra
Figures D.1 and D.2 are the XPS spectra produced from the analysis of the











Figure D.1: XPS survey of 40V bias coating on CoCr substrate




This appendix lists the presentations and posters that have been presented at
various conferences related to the work in this thesis.
E.1 Conference Articles
E.1.1 Laser Metrology and Machine Performance VIII,
2007, Cardi, UK: The signicance of sample prepa-
ration when testing surface coatings for orthopaedic
implants
P. Knox, P. Charlton, T. Laoui, G. Pearce, L. Blunt
In the UK there are over 50,000 hip replacement operations annually, of which
approximately 10% are revision surgeries, most commonly necessitated by aseptic
loosening. By improving implant design the number of risky and costly revision
surgeries can be signicantly reduced.
Aseptic loosening is mainly caused by osteolysis, a condition that occurs when the
body attempts to break down wear particles produced from the articulation of
the articial joint; the chemicals used by the body have limited eect on the wear
particles but do start to cause the bone to reabsorb. By reducing the production of
wear particles and making those that are produced as biocompatible as possible,
the incidence of aseptic loosening can be reduced. Surface coatings are prime
202Publications
candidates for achieving this.
By modifying the surface of the implant using coatings, it is possible to modify the
tribology of the joint while retaining the bulk properties. This not only enables
the increase of wear resistance of the joint but introduces a barrier between the
blood and the metal components which are causing increased concern among
medical professionals who are worried about the toxic eect of metal ions being
released into the body.
For orthopaedic implants to reach the market, stringent testing is required. Joint
simulators are used for testing, machines that attempt to mimic the movement
and loading expected in the body. Unfortunately tests can take months to com-
plete; this is unsuitable for initial development of coatings numerous iterations of
which can be produced in a few days. Consequently preliminary testing is carried
out using other techniques, such as pin on disc, which sacrices elements of the
simulation of the joint movement for speed.
Initial pin on disc tests used to identify potential coating candidates identied
a need to accurately control the geometry and surface characteristics of the test
samples used for short tests (<1 day) so as to be able to accurately measure the
small amounts of wear created by the measurement techniques described within
this paper. Control of surface nish was also important to ensure that there were
no signicant surface defects which may act as stress concentrators and result in
premature failing of the coating.
By using a 7 axis CNC Zeeko polishing machine, it has been possible to accurately
203Publications
control the surface roughness and form of samples and characterise their eect on
the wear of surface coatings that are being developed for orthopaedic applications.
E.2 Poster Abstracts
E.2.1 Materials Congress 2006, London, UK: Evaluation
of wear behaviour of amorphous carbon coatings
developed for application onto hip joints
P. A. Knox, T. Laoui, S. Field
Hip joint prostheses are being implanted into the young with increasing frequency.
The active lifestyle that younger people enjoy results in an increased incidence of
aseptic loosening compared to that seen in elderly patients (Swedish Hip Arthro-
plasty Register, 2004).
By applying an amorphous carbon coating known as Graphit-iCTM to the femoral-
acetabular interface it is predicted that the wear of the implant can be reduced,
decreasing the incidence of aseptic loosening.
The Graphit-iCTM coating developed by Teer Coatings Ltd. has been successfully
used in a wide range of low to heavily loaded applications where its low wear and
friction characteristics have demonstrated considerable benets. It is anticipated
that it can be further optimised for orthopaedic applications. Initial studies have
demonstrated wear rates as low as 1.87￿10 18 m3/Nm on CoCr substrates during
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pin-on-disc testing in bovine serum. Coatings that perform well in pin-on-disc
will be applied to hip prostheses and tested using a hip simulator.
E.2.2 UK Society of Biomaterials 2006: Development of
an amorphous carbon coating for application onto
hip joints and other prostheses. A preliminary study
P. A. Knox, T. Laoui, S. Field
Aseptic loosening is the most common medium to long term cause of failure in hip
joints and other prostheses, it is exasperated by placing implants into younger,
more active patients. By developing an improved amorphous carbon coating for
the implant at the acetabular and femoral interface, it is hoped that the rate
of wear can be reduced, thereby reducing the incidence of aseptic loosening and
associated revision surgeries.
Coatings were deposited using a closed eld unbalanced magnetron sputtering
technique developed by Teer Coatings Ltd and based upon their Graphit-iCTM
coating. Preliminary studies were carried out using a pin on disc technique to
identify potential coatings for further testing in a hip simulator.
Initial results are promising, with wear rates to the order of 1.87￿10 18 m3/Nm
with amorphous carbon coated CoCr samples sliding against each other in 20%
bovine serum diluted with deionised water under a 40N load.
Studies are continuing with further promising and improved results expected.
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Coatings system parameters will be adjusted to optimise the coatings for this
application and further analysis of the coatings will be carried out to characterise
their structure.
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